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ABSTRACT
Tampico water managers started the process of developing an Integrated Water 
Resource Plan in 2004. Although the plan was designed to a full extent on its goals and 
aims, it cannot be implemented so far. The complex water system and the certainty of 
short term water availability make of this plan a non-attended issue. The local 
management based on common-sense still predominant over scientific supported 
decisions. This thesis develops a tool in order to study the complexity of the River 
Tamesi Lagoon System. A one dimensional model is created to route the flow along 
River Tamesi towards Chairel Lagoon, the Tampico and Madero water supply source. 
The Chairel Lagoon is managed by the River Tamesi Lagoon System average water 
level. Application of one dimensional modelling allows the individual analysis for 
Chairel water availability by using reliable and historical data. This research considers a 
maximum and a minimum flow case to study Chairel water availability. A climate 
change case is also considered.
The work has identified that Chairel Lagoon it will be influenced by Northern Lagoons 
in the lagoon system once population growth forces water managers to operate these 
lagoons for water supply. It is concluded that in a minimum flow case availability is 
ensured due to compensation of the system from lagoons upstream. A maximum flow 
scenario alleviates flooding upstream, which help to reduce the inflow value at Chairel. 
Finally, a comparison between a climate change and current scenarios shows for Chairel 
inlet a variation in discharge values: for winter 0.030 m  ^/ sec, for spring 0.095 m^/ sec, 
and no variation for summer and fall.
The results of this work are a first step in the study for River Tamesi Lagoon System 
and can be complemented with other decision support systems in order to facilitate the 
implementation of an Integrated Water Resources Plan for Tampico.
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CHAPTER 1 
INTRODUCTION
The purpose of the present work is to apply recent scientific development in order to 
improve the analysis and management of a complex water system. The management of 
the water system under study is currently solving the quantitative requirements of an 
urban centre. This research studies the potentiality of the water system in a long term 
scenario and the necessity for change on its conceptual view for a more efficient 
analysis and planning. Hydraulic Modelling to support Integrated Water Resources 
Planning and Management for the region is proposed.
1.1 Novelty and Contribution
Decision makers, planners and managers, require the evaluation of sustainable water 
management schedules by designing scenarios which are able to connect social, 
economic and environmental aspects in a more sustainable manner. To do so, share 
vision models start to be used currently in many places around the world. These models 
allow analysis of elements coming from different disciplines. However, shared-vision 
models must be assisted with appropriate tools in order to get enough clarity in the areas 
of study involved.
River flow is complex, and measurements cannot convey the scale of the problem and 
actual situation on site. Numerical analysis helps in describing the water flow behaviour 
for one dimension. It provides discharge and water level values for different operational 
conditions. The information obtained out of this can be incorporated into a further 
shared-vision analysis.
The Chairel Lagoon is the water supply source for Tampico, located at South 
Tamaulipas Mexico. This lagoon is part of a complex lagoon system known as River 
Tamesi Lagoon System (RTLS). The Chairel Lagoon management is associated to the 
water level in the lagoon system for capacity control.
The River Tamesi Lagoon System is the source of water supply for Tampico, Madero at 
the East and Altamira at the North. The total of inhabitants in the metropolitan area is 
647,764, out of which 299,952 live in Tampico, 188,246 in Madero and 159,566 in 
Altamira. According to Population National Council (CONAPO), the major population
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growth for 2030 is expected for Altamira with 304,529 inhabitants, whilst projections 
for Tampico and Madero are 282,601 and 199,194 inhabitants respectively. This will 
cause a higher demand for water resource in the North side of the RTLS. This situation 
will get an impact on the current water sources located downstream.
Considering the aforementioned, this thesis calculates Chairel Lagoon capacity for three 
different cases, identified within a three years simulation period (2000-2001-2002): 
Maximum Flow, Minimum Flow and Climate Change. The lagoon capacity is 
calculated here using an inflow value derived from routing the recorded flow in an 
upstream gauge station 110 km away by means of one dimensional modelling. The 
model created for this water system considers the lagoon-river-lagoon interactions.
The novelty in this research is the determination of the volumetric distribution within an 
unrecorded system proposing to replace water levels for average control with internal 
discharges values applying HYDRO-ID. This approach will allow a separated analysis 
for the different lagoons within the RTLS. The results will be helpful to support the 
local water planning and management.
In the past the RTLS was not isolated from brackish water influence downstream until a 
dykes system was set up. These dykes and the Animas Dam upstream make possible a 
current management based on river regulation. This approach forces to consider the 
RTLS as a virtual reservoir that includes all the lagoons and the river as a single element 
and, for control, there is no necessity of surveillance on the water system interactions. 
There are two abstraction points for water supply downstream the RTLS and for them, 
the water level measured along the river is enough to determine its operation.
The contribution of this work to knowledge is the provision of a link between science 
and decision making for the planning and management of water resources in Tampico, 
Mexico. This link provide more support to the decision making process in order to 
develop a sustainable management for water supply in Tampico, Madero and Altamira.
Better water system (RTLS) knowledge implies:
• Refinement on lagoon capacities providing inflow values routed from real data
• Better knowledge in RTLS interconnectivity for river-lagoons
• Better knowledge in RTLS interconnectivity for lagoon-lagoon
2
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• Identification of the flood zones along the River Tamesi course
The critical water level for supply in River Tamesi Lagoon System (RTLS) is 20 cm 
above sea level on average but a separated capacity analysis for Chairel shows a 
seasonal deficit. Considering recorded inflow in Magiscatzin gauge station for RTLS a 
deficit of 3.01 Mm^ is shown in April, but Chairel in proportion presents a deficit from 
November to June with an average of 5.16 Mm^.
The hydraulic interconnectivity is working for proposed modelling network. The 
modelled water level in the main course of River Tamesi presents a difference with real 
gauge stations data, as follows: 0.05 m in Los Tomates, 0.13 m in Salsipuedes, 0.17 m 
in Tomolargo, 0.13 m in Cruz Grande and 0.10 m in Cruz Chica.
In a minimum flow scenario, the availability seems to be ensured due to compensation 
of lagoons upstream. A RTLS average flow of 2.96 m^/sec results in an average 
capacity of 1.92 Mm^ for Chairel Lagoon.
A maximum flow scenario alleviates flooding in Chairel due to interconnectivity 
upstream. A RTLS average flow of 503.49 m^/sec results in an average capacity of 8.51 
Mm^ for Chairel Lagoon.
The river segment more affected by flooding corresponds to the meandering zone 
located near six upstream lagoons: Salada, Pintas, Toquillas, Puente, Josesito and 
Quintero.
Climate change and current management scenarios show a variation in discharge values 
during the year. The variation in winter is 0.030 m^/sec. For spring is 0.095 m^/sec. For 
summer and autumn is 0.001 m^/sec.
1.2 Definition of the Problem
The population of South Tamaulipas, Mexico is projected to rise from 697,279 
inhabitants in 2010 to 786,324 inhabitants in 2030. As a natural consequence, a rising in 
water demand is expected for this area integrated by the cities of Tampico, Ciudad 
Madero and Altamira.
According to CONAPO (2009), Tampico population will decrease in the next 20 years 
from 305,906 to 282,601 inhabitants. Madero is expected to rise from 198,605 to
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199,194 inhabitants, whilst Altamira, the northernmost city in South Tamaulipas, is 
projected to rise from 192,768 to 304,529 inhabitants. This is due to the industrial 
development in Altamira and the spatial limitation for Tampico and Madero to continue 
growth. As a natural consequence, a rising in water demand is expected for Altamira.
Other factors affecting water availability in the long term are rainfall and climate 
change. The region is considered for CONAGUA as a moderated zone in terms of 
precipitation. The average value for rainfall is 1,150.60 mm. The highest precipitation 
value occurs in September with 23.94% of annual precipitation and the driest month is 
March with 1.39% of annual precipitation value. The existent study for Climate Change 
in the region considers a double concentration of carbon dioxide over River Guayalej o 
catchment states that the main change in climate will be a 9.49% reduction of 
precipitation in simmer due to a 1.46°C rise in temperature. However, a 15% rise in 
precipitation is expected for winter season.
In sum, population growth, increasing demand for water, and climate change will 
impact the pressure over the local fresh water source: the River Tamesi Lagoon System. 
What needs to be overcome is the lack of knowledge of the whole system. The current 
control data system only provides partial information about the hydraulic process, so, in 
the context of a sustainable water management plan for this area, a solution based on a 
technical support will improve the decision making process for managers and 
stakeholders.
1.3 Background
The Tamesi River Lagoon System is a very complex water system integrated of 
eighteen lagoons, which are communicated hydraulically among them and with the 
river. The most relevant lagoons in the system are Chairel and Champayan. Chairel 
Lagoon supplies the cities of Tampico and Madero, whilst Champayan is the water 
source for Altamira.
The Tamesi River Lagoon System is currently managed by river regulation, which 
works as follows: during drought season the Animas Damn, located upstream of the 
water system, open its gates to rise the water level of the lagoons in order to compensate 
the required volume for water supply. There are three stations for water level measuring 
along the river to control the capacity for the whole system by means of an area-
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capacity curve. This method assumes the water system as a virtual reservoir that 
includes all the lagoons and the river as a single element.
In 2004, CONAGUA designed a Water Management Plan for River Tamesi Lagoon 
System. The planning process includes the necessity for hydrodynamic simulation in 
order to now in detail the circulation pattern within the lagoon system. The 
hydrodynamic simulation is proposed as a support for the study of significant subjects 
related to the efficient water system management.
Fields of study that can be assisted by hydrodynamic simulation in the water system are: 
pollutant transport and dispersion, sedimentation rates, hydrological parameters 
measurement, and more accuracy for the lagoon system water balance. Unfortunately, 
the Water Management Plan for River Tamesi Lagoon System has not been 
implemented making impossible to get any advance in any of the issues 
aforementioned, and affecting directly the long term planning process for the water 
resources in the zone.
Due to this reason, the water system is still under management and control by river 
regulation. In spite of this making decision system the lagoon system is operational, 
mainly for supply purposes, and is quantitatively adequate in the short term but 
uncertain for long term planning. The main drawback of keeping the current 
hydrometric solution for the water system is on its worthlessness in providing 
information about significant hydraulic processes within the River Tamesi Lagoon 
System.
1.4 Rationale
The application of HYDRO-ID model for River Tamesi provides more accurate 
information about the River Tamesi Lagoon System hydrodynamic processes, 
principally water availability in lagoons, and offers support for a sustainable water 
management plan in South Tamaulipas.
The complexity of River Tamesi Lagoon System is currently solved by river regulation 
upstream. Due to this, water level control is the only measured parameter of the system 
whilst interactions among lagoons are assumed. The application of the one dimensional 
hydraulic model, HYDRO-ID, will help to gain an understanding and to quantify such 
interactions. Once the research data is compiled, the HYDRO-ID model could be used
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to develop and simulate different management scenarios to Tampico, Madero and 
Altamira with the purpose to recommend possible mechanisms to improve the existing 
water management system.
An Integrated Water Resources Plan can be more efficient if is supported by modelling 
in complex water systems. A further combination of one and multi-dimensional 
hydraulic modelling for River Tamesi Lagoon System can be a powerful water 
surveillance technique for decision makers and local planners in topics like flood 
control, water supply, and water quality or risk analysis.
1.5 Aim
“To predict inlet values of discharge and water level in order to quantify water 
availability in Chairel Lagoon, considering three cases: maximum flow, minimum flow 
and climate change”.
1.6 Objectives
• To characterize the River Tamesi Lagoon System and its surrounding urban 
areas in order to identify the water system hydrodynamics and the current 
operation of Chairel Lagoon as a water supply subsystem.
• To create a computational model to predict hydraulics in Tamesi River and 
Chairel lagoon.
• To analyze the water level variation in the Chairel Lagoon inlet under different 
flow scenarios relevant to management.
• To calculate water balance in Chairel Lagoon in order to know water availability 
for Tampico under a climate change scenario of a double concentration of 
carbon dioxide in the atmosphere.
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1.7 Overview of the Thesis
The thesis is organized as follows:
Chapter 2 supports the view of Hydraulic Modelling as the scientific basis for water 
resources planning and management. This chapter develops these two main subjects: 
Integrated Water Resources Management and Hydraulic Modelling. The literature 
review presented here examines the concept of sustainable water resources and the 
development of the Integrated Water Resources Management concept. The Mexican 
water management scheme is presented in order to provide a background for Tampico 
and Madero region analysis. This chapter reviews as well the role of computational fluid 
dynamics in water surveillance. In this section the techniques required for quantity 
assessment are reviewed. In order to get a better understanding of the proposed tool for 
analysis in this research, the fundamentals of computational fluid dynamics are shown. 
A review of commercially available hydraulic models can be found in the final section. 
Finally a discussion about recent developments in the field for linking hydraulic 
modeling with the planning and management process is presented.
Chapter 3 justifies the choice of Chairel Lagoon and its surrounding urban area as study 
site for this research. The necessity for one dimensional modelling as a compulsory step 
previous to water balance calculation in Chairel Lagoon is explained. The strategy for 
one dimensional modelling application in this particular water system is described.
Chapter 4 characterizes the site under study. This characterization is made, according to 
the available data, by means of hydrology, population, water demand, and water 
facilities. The available studies about climate change in the zone are reviewed along 
with the first attempt to create a sustainable water management plan under the 
catchment council scheme, which implies the participation of all manager and 
stakeholders in the decision making process.
Chapter 5 describes the River Tamesi modelling process. The steps for data collection, 
model construction, simulation and results, calibration and analysis of sensitivity are 
detailed.
Chapter 6 presents the analysis of results of the hydraulic modelling performed in the 
system, which focuses on the water level and inflow simulation along the Tamesi River. 
A climate change scenario is analyzed for water level and discharge at the inlet of
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Chairel lagoon. This scenario represents the flow impact within the system in maximum 
and minimum flow cases.
Chapter 7 presents a discussion of the results obtained for the Chairel Lagoon water 
availability after ID modelling on River Tamesi. It is pointed out the necessity of 
considering Chairel Lagoon as a water body which is an integral part of a major water 
system. This major water system known as River Tamesi Lagoon System has a complex 
hydrodynamics which made the system vulnerable to future demands that can affect 
adversely the Chairel Lagoon water availability.
Chapter 8 concludes about the Chairel Lagoon water availability after inflow 
consideration provided by the river modelling performed here, and recommends future 
work for keep developing water quality modeling and surveillance for Chairel Lagoon.
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CHAPTER 2 
HYDRAULIC MODELLING AND WATER RESOURCES MANAGEMENT 
2.1 Introduction
The Integrated Water Resources Management concept is presented as an evolved step of 
the sustainable water resources concept. The current Mexican water resources 
management scheme is described. The role of the Mexican Surveillance Agency and the 
modifications to water legislation is summarized in order to accommodate recent 
international advice on Integrated Water Resources Management schemes. Also, recent 
studies about climate change and their impact on water resources vulnerability in 
Mexico are shown.
In this chapter the relevant techniques for analysis of hydrological processes which have 
a fundamental impact on water resources are described. The application of 
Computational Fluid Dynamics (CFD) is emphasised as the means of hydrological 
analysis by providing four dimensional four dimensional simulation, 3-dimensional 
spatial and time. This provides the environmental setting within which CFD is applied 
for the simulation of flow through a period of time.
In order to understand the functioning of hydraulic models, in the final section of this 
chapter, a review of numerical analysis is presented which briefly traces a solution route 
for the modelling of flow equations. Finally, a section for recent developments in 
linking science and Integrated Water Resources Planning and Management is included.
2.2 Water Resources Sustainability
Access to water is of paramount concern and other factors, such as the population 
served, the reliability of the supply and the cost to the consumer, must therefore be 
taken into account. At the United Nations conference at Mar del Plata in 1977, which 
launched the International Drinking Water Supply and Sanitation Decade, this 
philosophy was adopted:
“All peoples, whatever their stage of development and social and economic condition, 
have the right to have access to drinking water in quantities and of a quality equal to 
their basic needs”.
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2.2.1 Historical Development of Water Resources Sustainability
For Water Resources, the path to sustainability has been difficult and priorities have 
changed through time. Sustainability topics have traveled from quantity to quality and 
from quality to re-use (Hermanowicz, 2005).
Bearing in mind that supply should be, at least, equal to demand, sustainability was 
considered to be “solved” having “controlled” a water source in its quantitative aspect. 
Hence, in ancient times, sustainability was met, by people, settling down near to rivers 
or digging wells, designing irrigation systems in Mesopotamia, aqueducts in Rome, 
fountains in Versailles and modem reservoirs nowadays. Currently, it is estimated that 
0.3 % of world’s land mass is covered by reservoirs, with a total storage capacity of 
5,900 km^ (Bernhardt, 1995).
The industrial revolution resulted in overcrowded cities, and these created pollution in 
rivers due to industrial and municipal wastes. In London, deterioration of the River 
Thames in the nineteenth century and its restoration in the twentieth century are an 
emblematic example of the emergence of water quality for water resources, in chemical 
and bacteriological terms, as priority topics. After John Snow demonstrated that water is 
a vehicle for diseases during the London cholera outbreak in 1854, permanent 
monitoring and evaluation of water resources became a regulatory requirement. Today, 
both natural and man-made pollution of water bodies are recognized as major risks for 
human health. Important examples include arsenic in aquifers in Bangladesh (Harvey et 
al, 2006; Paul et al, 2006), and man-made pollution of marine water by mercury 
affecting fisheries in Minamata, Japan (Ekino et al, 2007).
Considering the aforementioned, a monitoring programme for water resources was 
created by UNEP in 1977, within the framework of the Global Environmental 
Monitoring System (GEMS Water). The aim of this programme is to address 
sustainable long term monitoring issues such as: global water quality status, nature of 
changes, background for scientific studies and political strategies (Meybeck & Helmer, 
1989).
In 1978, at the International Conference on Primary Health Care in Alma Ata, organised 
by WHO/UNICEF, basic health needs were identified, including adequate water 
supplies, and endorsed. One of the outcomes of this conference was the declaration of
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the following decade (1981-1990) as the “International Drinking Water Supply and 
Sanitation Decade”. One of the achievements of that decade, in the prosecution of 
achieving safe water all over the world, was the publication in 1984-1985, of the “Water 
Quality Guidelines”, three different volumes which describe essential values of 
parameters, health criteria, and a particular emphasis on surveillance and control of 
community supplies. Lloyd & Helmer (1991) have documented the development of 
WHO-UNEP pilot projects in Peru, Indonesia and Zambia, in order to implement the 
proposed strategies in volume 3 of the WHO Water Quality Guidelines.
The first goal of awareness about water resources, global monitoring and safe water was 
the design of solid strategies and programmes to accomplish those goals. But soon, 
these actions, set up to solve a problem in the present, were forced to be extrapolated to 
the future, once the term “sustainable development” was introduced to public by 
Brundtland Report and Agenda 21. The concept of sustainable development came out of 
the United Nations Conference on Human Environment held in Stockholm, Sweden in 
1972 and the report of the Brundtland Commission (1982) called Our Common Future.
The concept of sustainability is stated in a very general form in the Brundtland Report. 
This finally led to the world community holding the United Nations Convention on 
Education and Development (UNCED) in Rio de Janeiro, Brazil in 1992 where the 
Convention on Biological Diversity, the Framework on Climate Change, the Rio 
Declaration and 38 of the 40 chapters of Agenda 21 were agreed. Agenda 21 is the 
document which also provides a separate treatment of sustainability elements for 
freshwater resources in chapter 18, section 2. The general objective is stated as follows:
''The general objective is to make certain that adequate supplies o f  water o f  good 
quality are maintained for the entire population o f this planet, while preserving the 
hydrological, biological and chemical functions o f ecosystems, adapting human 
activities within the capacity limits o f nature and combating vectors o f  water-related 
diseases. Innovative technologies, including the improvement o f  indigenous 
technologies, are needed to fully utilize limited water resources and to safeguard those 
resources against pollution''.
Agenda 21 also suggests, as well, different programmes, depending on the water use. In 
the specific case of human consumption in chapter 18.47 it recognizes the principle of
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safe water of UNEP (1977), confirming it as the main goal in physical sustainability for 
water supply.
At the World Summit on Sustainable Development (WSSD) held in South Africa in 
2002, the international community includes, in the WSSD Plan of Implementation, a 
call for all countries to develop Integrated Water Resources Management and water 
efficiency plans by 2005, with support to developing countries.
2.2.2 Agenda 21 Programme Areas for Freshwater Sector
Agenda 21 proposes the following programme areas in the freshwater sector for 
development: integrated water resources development and management, water resources 
assessment, protection of water resources, water quality and aquatic ecosystems, 
drinking-water supply and sanitation, water and sustainable urban development, water 
for sustainable food production and rural development, and impact of climate change on 
water resources.
The Integrated Water Resources Development and Management Programme have as an 
overall objective "to satisfy the freshwater needs o f  all countries for their sustainable 
development". This programme proposed a holistic management of freshwater and its 
integration with social and economic national policies. The programme stated two 
targets about the design of water efficient use and national action programmes by 2000 
and one more by 2025 in which is expected to accomplish, in the national context, all 
the planned sub-sectorial plans.
The Water Resources Assessment Programme has as an overall objective o î" ensuring 
the assessment and forecasting o f the quantity and quality o f water resources in order 
to provide a scientific database for rational water resources utilization". This 
programme is compulsory in the knowledge of effect on human activities. The 
programme stated that by 2000 the target of having studied in detail the feasibility of 
installing water resources assessment services, and for the long term the development of 
high density monitoring networks.
The Protection of Water Resources, Water Quality and Aquatic Ecosystems Programme 
have as an overall objective "to evaluate the consequences which the various users o f  
water have on environment, to support measures aimed at controlling water-related 
diseases, and to protect ecosystems". This programme is focused in the preservation of
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human health and safety of natural ecosystems from damage due to water use. The 
programme stated many targets mainly focused in water quality monitoring and water 
pollution prevention.
The Drinking-Water Supply and Sanitation Programme had as an overall objective the 
New Delhi Statement (1990), which formalized "the need to provide, on a sustainable 
basis, access to safe water in sujficient quantities and proper sanitation for all". This 
programme is based on the work initiated in the Drinking Water Supply and Sanitation 
Decade, which resulted from Mar del Plata Action Plan in 1977, whose target was to 
provide safe drinking-water and sanitation to underserved urban and rural areas. This 
programme considers that specific targets should be set by each individual country.
The Water and Sustainable Urban Development Programme have as an overall 
objective "to support local and central Governments’ efforts and capacities to sustain 
national development and productivity through environmentally sound management o f  
water resources for urban use". This programme is designed under the assumption that 
by 2025, world population living in urban areas will reach 60% and this growth will put 
severe strains on urban water supply capacities. This programme set as targets for 2000 
water access for urban residents to 40 litres per capita per day of safe water and 75% of 
population served with on site or community facilities for sanitation. The establishments 
of quantitative and qualitative discharge standards for municipal and industrial effluents 
and solid wastes disposition are considered, as well, within the short term targets. Some 
approaches like SWITCH Project are being developed under this framework 
(Vairavamoorthy, 2009).
The Water for Sustainable Food Production and Rural Development Programme 
emphasised in its overall objective, is "to integrate environmental management o f  water 
resources within the rural context". This programme is assisted by F AO with an 
International Action Programme on Water and Sustainable Agricultural Development. 
Quantitative targets have been established for new and existing irrigation schemes, and 
reclamation of waterlogged and salinized lands through drainage for 130 developing 
countries.
The Impact of Climate Change on Water Resources Programme is concerned about the 
generation of more knowledge related to a better understanding of the treads faced. This 
programme proposes to study the potential impacts of climate change on areas prone to
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droughts and floods. This programme is the most dependent on academic research in 
order to provide fundamental strategies for mitigation of changes in water management 
at different levels due to permanent atmospheric anomalies.
2.2.3 Integrated Water Resources Management
Integrated Water Resources Management is "the process which promotes the 
coordinated development and management o f  water, land and related resources, in 
order to maximize the resultant economic and social welfare in an equitable manner 
without compromising the sustainability o f vital ecosystems ” (GWP, 2009).
This definition relies on the interdependence of the multiple water usage and responds 
to key issues diverted by the current global management trends. The key issues behind 
the development of an Integrated Water Resources Management concept are the 
increasing pressure on water resources and the concern for safe water provision for 
human consumption, food production and ecosystems protection.
Increasing pressure on water resources in all sectors has provoked a water governance 
crisis among sectors of users. The fragmented and uncoordinated development and 
management of the resource in some regions is a consequence of a competition for the 
finite resource. Some facts supporting this affirmation have been published by United 
Nations Development Program Cap-Net (2009) as follows: Three percent of global 
water is freshwater, and of the freshwater 87% is not accessible, 13% is accessible (i.e.,
0.4% of total). Today more than 2 billion people are affected by water shortages in over 
40 countries. 263 river basins are shared by two or more nations. Two million tons per 
day of human waste are deposited in water courses. Half the population of the 
developing world is exposed to polluted sources of water that increase disease 
incidence. Ninety percent of natural disasters in 1990’s were water related. The increase 
in numbers of people from 6 billion to 9 billion will be the main driver of water 
resources management for the next 50 years.
A second issue has arisen by governments’ necessity for securing water for people due 
to one fifth of the world’s population being without access to safe drinking water and 
half of the population is without access to adequate sanitation.
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Securing water for food production is another important issue because water is a key 
constraint on food production. Over the next 25 years food will be required for another 
2-3 billion people.
Aquatic ecosystems depend on water flows, seasonality, and water-table fluctuations 
and are threatened by poor water quality. Land and water resources management must 
ensure that vital ecosystems are maintained.
Above all direct implications of water management schemes, the Integrated Water 
Resources Management approach proposes action to finish with gender discrimination. 
Water management is male dominated. Though their numbers are starting to grow, the 
representation of women in water sector institutions is still very low.
The International Conference on Water and the Environment (ICWE) in Dublin on 26 to 
31 January 1992 resulted in four principles that have been the basis of much of the 
subsequent water sector reform.
1. - Freshwater is a finite and vulnerable resource, essential to sustain life, development 
and the environment.
2. - Water development and management should be based on a participatory approach, 
involving users, planners and policymakers at all levels.
3. - Women play a central part in the provision, management and safeguarding of water.
4. - Water has an economic value in all its competing uses and should be recognized as 
an economic good.
Integrated Water Resources Management is intended primarily to be a national scheme 
prone to be reproduced at local scale. The central idea of this approach is gradually to 
switch traditional government role over water resources from project manager to 
facilitator and regulator among users of different sectors. The various water sectors are 
encourage to agree a “use and effect” scheme among them in order to get a maximum 
benefit of the resource without compromising other users accessibility to it.
In the development of any programme for water use the issues shown in table 2.1 must 
be taken into account in order to understand the implication of each usage and 
responsibility for different actors within the same catchment.
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Table 2.1 Functions of Rivers and Related Water Quantity and Quality Problems (UN/ECE, 1996)
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Within this approach of integrated management, the basin system is promoted as a 
management unit. The administrative pyramid must follow the natural scheme of 
catchment and sub catchments in order to facilitate management. A detailed design 
process in this area must be observed due to nature of some catchments or aquifers 
shared among two or more states (GWP, 2009).
At any level of the management structure a general procedure for action plans is set up. 
The planning process starts after the formation of a work team of specialists supported 
by a Government commitment and following a cycle involving steps like establishment 
of vision or policy, situation analysis and choice of the best strategy a draft of the work 
plan to be reviewed by stakeholders and politicians and finally its implementation and 
evaluation (Figure 2.1).
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Figure 2.1 Integrated Water Resources Management Planning Process (Cap-Net, 2009)
Integrated Water Resouree Management requires a long term view and stratégie plan. A 
strategic plan has to be focused on addressing the causes of problems in the water sector 
instead of taking actions against management malfunctioning symptoms. Another 
important characteristic of strategic water management is the conflict consideration. The 
opportunity for the different actors to identify their points of conflict by themselves 
allows them a chance for dialog, negotiation and more direct participation within the 
plan design process.
In the World Summit on Sustainable Development held in Johannesburg (2002) the 
Integrated Water Resources Management was adopted as the main stream for 
sustainable management of water resources. Based on this, a calling for all countries to 
design strategies for Integrated Water Resources Management at national level was 
done (GWP, 2005). A year before, the second Water Net/WARFSA (2001) symposium 
about '^Integrated Water Resources Management: Theory, Practices, Cases'\ held in 
Cape Town, prefigures the IWRM approach under the sustainable framework and from
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Johannesburg onwards have been many attempts for incorporate the concept into 
practice in many countries (Jonker, 2002).
In recent literature, many attempts to implement and understand the concept of 
Integrated Water Resources Management had been published. The first efforts to 
understand the IWRM in practice and its relation with other disciplines such as ecology 
(Jewitt, 2002), wetlands (Kangalawe & Liwenga, 2005) and interbasin transfers (Gupta 
& van der Zaag, 2008) are documented, but Savenije & van der Zaag (2008) clarify 
concepts, issues and proposes four dimensions to the IWRM: water resources, water 
users, spatial and temporal scale.
The IWRM implementation on practice, especially in the current African context of 
water management led to highlight three important aspects, according to van der Zaag 
(2005), about the concept: "that IWRM requires institutional capacity to integrate, 
which often is a scarce resource; that IWRM is neither solution nor recipe, hut rather a 
perspective or way o f  looking at problems with a view to solving them through 
transparent and inclusive decision-making processes; and that IWRM should explicitly 
deal with the fact that water tends to build asymmetrical relationships between people, 
community and nations'! Goubersville (2008) identifies the transitions underway 
demanding water management as implications: "from development and management to 
development and management, from local to regional and international management, 
from disputes to cooperation and plans toward public-private partnerships
In practice, while in some countries are not developing solid IWRM strategies for some 
areas (Ngana et al, 2004; Ferreyra et al, 2008; Karaouli et al, 2009; Higa Eda & Chen, 
2010) in others the experience has shovm important flaws as institutional 
disorganization (Matondo, 2002; Zwane et al, 2006, Chereni, 2007) and lack of 
community participation (Dungumaro & Madulu, 2003; Marimbe & Manzungu, 2003). 
On the other side, recognizing IWRM as a discipline on progress some of these 
difficulties are aimed for science in order to provide aids on its solution promoting 
communication networks to facilitate the experiences all around the world (Faby et al, 
2005) and developing conceptual models for specific areas (Letcher et al, 2007; Barthel 
et al, 2008; Gaiser et al, 2008), which are required for a better performance in water 
management.
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2.2.4 Water Safety Plans
Surveillance is an investigative activity undertaken to identify and evaluate factors 
associated with drinking-water which could pose a risk to health. Surveillance 
contributes to the protection of public health by promoting improvement of the quality, 
quantity, coverage, cost, and continuity of water supplies (WHO, 1985).
The World Health Organization (1993) established that if the performance of a 
community water-supply system is to be properly evaluated, a number of factors must 
be considered. Some countries that have developed national strategies for the 
surveillance and quality control of water supply systems have adopted quantitative 
service indicators for application at community, regional and national levels. World 
Health Organization describes five indicators in its third volume of Water Quality 
Guidelines, although Lloyd & Helmer (1991) include sanitary inspection as a sixth 
indicator within the service evaluation. The conventional quantitative service indicators 
are:
Quality: the proportion of samples or supplies that comply with guideline values for 
drinking-water quality and minimum criteria for treatment and source protection.
Coverage: the percentage of the population that has a recognizable (usually public) 
water-supply system.
Quantity: the average volume of water used by consumers for domestic purposes 
(expressed as liters per capita per day)
Continuity: the percentage of the time during which water is available (daily, weekly or 
seasonally)
Cost: the tariff paid by domestic consumers.
After a series of expert review meetings in Berlin (2000), Adelaide (2001) and 
Loughborough (2001), the World Health Organization had highlighted the value of the 
Water Safety Plan approach to Water Surveillance. A water safety plan is “the most 
effective way of ensuring that a water supply is safe for human consumption and that it 
meets the health based standards and other regulatory requirements. It is based on a 
comprehensive risk assessment and risk management approach to all the steps in a water 
supply chain from catchment to consumer” (DWI, 2005).
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The key components of a Water Safety Plan are three. Firstly, a system assessment 
which determines whether the water supply chain as a whole delivers water of a quality 
that meets health-based targets. Secondly, an operational monitoring of an appropriate 
nature and frequency at any appropriate point in the water supply chain defined by each 
control measure identified. Finally, documentation of management arrangement must be 
produced. These three components require a clear understanding of each element of the 
water supply chain and identification of its associated hazards. The plans must propose 
control measures for each identified risk and to implement a monitoring system and 
remedial actions.
Guidance documents on the preparation of Water Safety Plan propose the following 
steps:
• assemble team of experts,
• hazard assessment,
• risk assessment,
• control measures,
• monitoring of control measures,
• management procedures,
• validation monitoring,
• supporting programmes, and
• documentation.
The first task for the preparation of a Water Safety Plan is to assemble a team of experts 
in the water supply chains involved. The water supply elements to evaluate within the 
chain will be catchment and raw water sources, water treatment processes, distribution 
networks, operations management, drinking water quality, public health and domestic 
distribution systems. For each element aforementioned within the water supply chain 
five out of nine steps must be performed: a hazard assessment in order to identify the 
potential hazards at each stage of the water supply chain, a risk assessment which 
allows predicting the likelihood of each identified hazard affecting the chain, the
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identification of control measures for each risk, the definition of a route monitoring 
system for each control measure, and the preparation of management procedures for 
action. During the validation monitoring stage a routine monitoring programme will 
check if the Water Safety Plan is working appropriately and if the water being supplied 
is safe and meets the health based standards. A further step in the design process include 
the development of supportive systems such as quality control, standard operating 
procedures and training programmes, and finally it is crucially important that the 
documentation of all the elements considered in the previous steps of design of the 
Water Safety Plan.
2.3 Mexican Water Management
Mexico is located between 118° 42’ and 8 6  ° 42’ East longitudes and between 14° 32’ 
and 32° 43’ North latitudes. The country has an area of 1 964 375 km^. Two thirds of 
the territory is considered arid or semi-arid and the remaining third, which represents 
the South East of the country, is humid with a precipitation average of 2,000 mm per 
year in some regions.
2.3.1 Integrated Water Resources Management in Mexico
The challenge for Mexican Water Management organizations is to solve the growing 
pressure over water resources in urban environments. The non-sustainable Mexico City 
(Simon, 1998) is a clear example of the aforementioned and the similar intensity on the 
pressure over water resources start being perceived in the North of the country (Fig.2.2).
The scarcity problem in Mexico is not so evident in some reported data, because at a 
national level consumption is cited as 4,840 m  ^/per capita /day. Taking into account 
that water stress is 1,700 m^/per capita /day, it would seem that water availability in the 
country is enough to meet the demand. But if the country is separated into regions it can 
be seen that less industrialized South has an excess of water to meet its demand, whilst 
the North with increasing industrialization just offers 2,044 m^/per capita /day, which 
reduce the difference above water stress only to 344 m^/per capita /day (Fig.2.3). In 
order to deal with this kind of problems, Mexico is changing its water management 
strategies, taking water operation away from the State’s control and leaving this 
responsibility to competent organizations at catchment’s level working under State’s 
surveillance.
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Figure 2.2 Population pressure on water resources in Mexico (CONAGUA, 2001)
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Figure 2.3 Water Availability in Mexico (CONAGUA, 2001)
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In Mexico, since 1946, the water sector has been under a single authority. This scheme 
was strengthened with the establishment, on 16^  ^ January 1989, of Water National 
Council (CONAGUA). CONAGUA was part of Ministry of Agriculture and Water 
Resources (SARH). CONAGUA activities are included within a broad and modem legal 
framework. National Waters Law, issued 1 December 1992 and its related rules of law 
issued on 12 January 1994.
In 1994, CONAGUA was transferred to the Ministry of Environment, Natural 
Resources and Fisheries (SEMARNAP) as a consequence of the increasing importance 
of the environment in national politics and water as an essential environment element. 
CONAGUA currently is living through a transformation process following the 
Integrated Water Resources Management scheme suggested by United Nations in 2001 
(Eey de Aguas Nacionales, 2004), under which it became an entity of surveillance 
instead of an operator and, in this way, regulates water management at regional level by 
creation of the Catchment Councils (Fig.2.4).
MEXICAN WATER SURVEILLANCE AGENCY
Catctvnent Leuel ^  ^  ^  — ^CaJchmert Level
stale and Muniepal Level
Catchment Cornell Level \  x
Catctment ^  \
jCouncH -«ft» ,  I I 11 I * ^
[ Catdiment ^ ,
^ .  Catdiment i  /
-  -  s m .  _ L -3
i
✓ Catchment/  ##  ^     ...
Catchment
^  ^  J Coutcil Level
/  / "Catchment Level
/'  /  V
éatchment /  \  \
& Council .  ^  s  \
Catchment /
Council
national Level /  Technical
Consultative \ 
f Inter-Basin Matters ' 
'  -
Catchment Level
Figure 2.4 CONAGUA structure and Catchment Councils (CONAGUA, 2004)
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CONAGUA has organized the country into thirteen Water Management Zones with 
headquarters in the major city of each catchment: Peninsula de Baja California in 
Mexicali, Noroeste in Hermosillo, Pacifico Norte in Culiaean, Balsas in Cuernavaca, 
Pacifico Sur in Oaxaca, Rio Bravo in Monterrey, Cuencas Centrales del Norte in 
Torreon, Lerma-Santiago-Pacifico in Guadalajara, Golfo Norte in Ciudad Victoria, 
Golfo Centro in Xalapa, Frontera Sur in Tuxtla Gutierrez, Peninsula de Yucatan in 
Merida, and Aguas del Valle de Mexico in Mexico City (Figure 2.5).
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Figure 2.5 CONAGUA Water Management Zones (CONAGUA, 2007)
Within these thirteen Water Management Zones, 25 out of 26 catchment councils are 
already installed and functioning. Catchment Councils are coordinating and negotiating 
entities between CONAGUA or Government agencies at federal, regional and local 
level and catchment users, in order to execute and design programmes and actions for 
improvement of water management, water facilities development and related services 
and preservation of catchment resources (CONAGUA, 2007).
The Catchment Council structure is formed by the Water National Council, Government 
at its three levels, users, society, and non-governmental organizations. The main 
function is to assist in catchment organization by means of coordination, agreement,
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consultancy and assessment support in water administration, waterworks development, 
and resources conservation (Figure 2.6).
A management organization associated with Catchment Councils is the Technical 
Committee for Groundwater (COTA) which is created for assisting in the management 
of aquifers within the different hydrological zones. So far 76 of these committees have 
been created within the thirteen water management zones. Baja California and Lerma- 
Santiago-Chapala are the regions with more groundwater committees operating.
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Figure 2.6 Catchment Council structure (CONAGUA, 2004)
2.3.2 National Water Monitoring Network
CONAGUA has in every catehment a monitoring hydrological network for water 
quantitative control and planning. An index has been designed, as well, for water quality 
evaluation (ICA). Due to the numerous parameters involved, with and reduced budget, 
the ICA index (Leitner, 2005) has not been fully implemented. It has been substituted 
by measurement of three indicators: Biochemical Oxygen Demand (BOD5), Chemical 
Oxygen Demand (COD), and Total Suspended Solids (TSS), at sites highly influenced 
by anthropogenic pollution.
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The Biological Oxygen Demand determines the biodegradable organic matter contents 
and is monitored at 443 different sites. The 40.4% of existing monitoring stations are 
reported as excellent in quality, 17.6% acceptable, 25.3% good quality, 11.3% polluted, 
and 5.4% as strongly polluted. From a total of 24 monitoring stations reported as 
strongly polluted, ten are located in the hydrological zone of Aguas Del Valle de 
Mexico and seven in Lerma-Santiago-Paeifieo (Figure 2.7).
It is important to point out that the BOD5 classification has been misinterpreted by the 
Mexican authorities due to a misunderstanding of recommended dilutions for the BOD5 
test reported in a WHO textbook edited by Bartram and Ballanee (1996). This has 
meant that CONAGUA categories show that good quality (acceptable) BOD5 is in the 
range > 6  < 30 whereas in the UK the 90% poor quality is 15 and above. Also in the 
Mexican scheme the some pollution category extends from BOD >30 <120 which is 
complete nonsense.
W A TER  QUALITY INTERPRETATION
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#  Excellent (B O D jl 3)
#  Good Quality (B0D$>3 <6)
Acceptable (BOD, > 6 <30)
#  Polluted (BODs> 30 <120)
#  Strongly Polluted (BOD; > 120)
#  No Data 
Main Rivers
Figure 2.7 Monitoring stations BOD5 (CONAGUA, 2001)
The Chemical Oxygen Demand determines the total organic matter contents and is 
monitored in 429 different sites. The 19.6% of existing monitoring stations are reported 
as excellent in quality, 23.8% acceptable, 18.9% good quality, 26.8% polluted, and
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11.0% as strongly polluted. From a total of 47 monitoring stations reported as strongly 
polluted, fourteen are located in the hydrological zone of Aguas Del Valle de Mexico, 
thirteen in Lerma-Santiago-Pacifico, and eight in the Balsas region (Figure 2.8).
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*  Good Quality (COD >10 <20) 
Acceptable (COD >20  <40)
#  Polluted (COD > 2 0  < 200)
*  Strongly Polluted (COD > 200) 
e  No Data
Figure 2.8 Monitoring stations COD (CONAGUA, 2001)
The Total Suspended Solids determines the capacity of a water body to sustain 
biodiversity of aquatic life and is monitored in 406 different sites. The 45.3% of existing 
monitoring stations are reported as excellent in quality, 33.0% acceptable, 14.0% good 
quality, 5.4% polluted, and 2.2% as strongly polluted. From a total of 9 monitoring 
stations reported as strongly polluted, five are located in the hydrological zone of 
Lerma-Santiago-Pacifico (Figure 2.9).
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Figure 2.9 Monitoring stations TSS (CONAGUA, 2001)
2.3.3 Water Vulnerability in Mexico associated with climate change
The water management in Mexico is in the process of planning and consolidating an 
integrated water resources approach. This framework is required to couple the 
hydrological assessment for each catchment with the results of more recent studies on 
climate change in order to provide for a more accurate planning process in the long 
term.
A model of thermal-hydrological balance was developed to assess the vulnerability of 
Mexican hydrological zones facing a climate change resulting in a doubling 
concentration of carbon dioxide in the atmosphere. In terms of water availability, 
consumption, and storage under the framework of three different scenarios created by 
the General Circulation Models were examined; the GFDLR30 by Princeton Fluid 
Dynamic Laboratory, the CCCM by Canadian Climate Centre, and the thermo 
dynamical model of climate developed by Centro de Ciencias Atmosfericas MTC 
(Mendoza et al, 2004).
Available water is defined as the water volume which can be removed from a humid 
zone without risking it becoming a dry zone. A second concept is considered here. The
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difference between annual run off and available water is known as the catchment’s 
water reserves. Under current climatic conditions only three Mexican catchments show 
vulnerability in their water reserves being the most critical the Lerma-Chapala-Santiago 
Catchment. The GFDLR30 scenario forecasts a rainier climate than currently and shows 
only this one catchment, Lerma-Chapala-Santiago, with moderate vulnerability. For 
CCCM and MTC scenarios, which forecast a less rainy climate than is currently the 
ease, vulnerability extends to the South of the country with three catchments with high 
vulnerability and risk of drought in the Centre and the Gulf as is shown in figure 2.10.
Wxko
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Figure 2.10 Vulnerability for Available Water in Mexico: A) Base Case B) GFDLR30 C) CCCM D) 
MTC. The status described in the figure are denoted by NV= No Vulnerability, VB= Low 
Vulnerability, VM= Moderate Vulnerability, VA= High Vulnerability, and NA= No applicable
(Mendoza et al, 2004)
The total volume of water consumption is made by the water consumption for domestic, 
municipal, and industrial use along with hydropower and irrigation. Under current 
weather conditions the vulnerability for total water consumption is high for Rio Bravo 
and Baja California in the North of the country. For the GFDLR30 scenario the Panueo 
basin is added to the already identified high vulnerable zones. CCCM and MTC 
scenarios depicts an extended high vulnerability condition for the North and Centre of 
the country with the South showing a Gulf of Mexico to Pacific Ocean band from low to 
moderate vulnerability (Figure 2.11).
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Figure 2.11 Vulnerability for Water Consumption in Mexico: A) Base Case B) GFDLR30 C) 
CCCM D) MTC. The status described in the figure are denoted by NV= No Vulnerability, VB= 
Low Vulnerability, VM= Moderate Vulnerability, and VA= High Vulnerability (Mendoza et al,
2004)
The storage vulnerability for a particular catchment is based on the sum of stored 
volume in the dams with capacity over 4 million m  ^plus the volume in the major basin 
surface water bodies. In current weather conditions the Panueo and Pacific are the most 
vulnerable basins of the country. For GFDLR30 scenario, vulnerability increases all 
over the country while the opposite occurs for CCCM and MTC model scenarios 
(Figure 2.12).
It is important to point out that in present and future scenarios, the most exposed basins 
to vulnerability are Lerma-Chapala-Santiago and Panueo, not only because of natural 
conditions. These basins contain the major figures for number of inhabitants and 
population density within Mexico. This fact represents a social and economic problem 
in the use and distribution of water.
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Figure 2.12 Vulnerability for Storied Water in Mexico: A) Base Case B) GFDLR30 C) CCCM D) 
MTC. The status described in the figure are denoted by NV= No Vulnerability, VB= Low 
Vulnerability, VM= Moderate Vulnerability, VA= High Vulnerability, and NA= Not applicable
(Mendoza et al, 2004)
2.3.4 A Critique of Mexican System
The water aeeess problems in Mexico for places with moderate or high water 
availability are attributable in most of the times to management instead of natural 
causes. After many years of government control for access to water resources, the water 
management in Mexico is experiencing a process of decentralization that remains 
unsatisfactory at municipal level. The main reasons identified in literature for water 
administration inefheieney at local level are the failure of privatization for water 
services, catehment council ineffieieney, and insufficient research support.
The privatization of water services in Mexico began in 1992 through a water reform that 
facilitates the participation of private companies for water supply services. However, 
the private participation has not evolved convincingly in terms of urban water services 
so far. Montforte & Cantu (2009) point out that even for the water companies has not 
been profitable.
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The Modernization of Water Operators Organisms Program, known as PROMAGUA 
(Programa de Modemizacion de Organismes Operadores de Agua) is the Mexican 
governmental program to support private participation in water services as supply, 
sewerage and sanitation. Mexico DF, Aguascalientes and Saltillo are examples of cities 
under private management for water services.
In Mexico DF there are four private water companies supporting the local government 
water service. These companies have strong transnational presence and attend different 
city sectors but their performance has not been convincing so far. Wilder & Romero 
Lankao (2006) consider that private management in water service ^'has not lead to a 
reduction in the total quantity o f extracted water, better water quality, financial self- 
sufficiency or equitable access to water services”. Campero Arena (2011) denounces 
limited access to information and blames to city authorities for not been able to 
coordinate the different water companies.
Aguascalientes water service is provided by a company called Concesionaria de Aguas 
de Aguascalientes (CAASA). This company is an association of Mexican and French 
capital (Ingenieros Civiles Asociados and Générale des Eaux) and has been reported 
recently pricing the most expensive tariff for water services in Mexico (Gomez Partida, 
2012). Caldera Ortega (2006) describes that expensive fees for water services and 
resources depletion for supply have originated social tension in Aguascalientes.
A paradoxical scenario for Aguascalientes is depicted reviewing the private water 
service for Saltillo. Aguas de Saltillo (AGSAL) is the water company with Spanish 
participation that serves the city. McCulligh (2011) refers the case of AGSAL that is 
awarded by the Water Consultant Council (CCA) but at the same time faces serious 
accusations by Saltillo Water Users Association (AUAS) for abuses in providing 
service. Some of the complaints are water service interrupted, expensive fees and 
groundwater overexploitation.
Wilder & Romero Lazcano (2006) summarize the water management decentralization in 
Mexico as a way for government to transfer the burden of water management to private 
companies but criticises the retrenchment of state on this matters. On the contrary, they 
consider that state water institutions must evolve on new forms ‘To ensure 
accountability, transparency, equity, and sustainability''.
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The catchment council inefficiency is another reason for the Mexican Water 
Management failure. As a response to the problems set by Chavez (2009) for explaining 
catchment council inefficiency, Montforte & Cantu (2009) proposes society 
participation and education in water conservation.
The main reasons for catchment council failure according to Chavez (2009) are 
insufficient knowledge about water cycle, unsupported decisions, corruption at different 
levels in management system and a political interest biased from the real necessities for 
water resources. Dourojeanni et al (2002) adds the organization, coordination and 
decision making inexperience of catchment council members. Furthermore, remarks the 
absence of a public information system and a financial mechanism that helps to 
integrate, evaluate and reformulate programs and plans. For Dourojeanni (2011) the 
main case of failure for catchment council is that they are established without having the 
necessary attributes to fulfil their roles.
Based on the aforementioned Chavez (2009) given problems Montforte & Cantu (2009) 
propose three integrative solutions: the assignation of a real value for water, access to 
the water management and planning information for general public in order to promote 
society participation in decision making, and environmental education.
The research support in Mexico for catchment management has been provided 
traditionally for the central government. Through the years, the local managers have had 
a minimal participation for decision making for regional waterworks and used to be 
focused only in urban water planning with very limited budgets. This situation implied 
that research for project support was generated exclusively by the same central 
government management authority.
Due to this, in most of Mexican regional universities research was inexistent. There 
were only selected institutions in Mexico DF metropolitan area with regular practice of 
research for water or environmental science. Nowadays, research in regional 
universities is increasing due to government pressure but still difficult to generate 
research on institutions that in many cases preserve lecturing as priority and give limited 
attention and resources in supporting research. In other words, the number of PhD’s as 
staff has increased in the last decade for regional Universities but they are loaded with 
lecturing duties without funding for research activities.
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It can be conclude that the initial affirmation in this section that makes the water 
unavailability more attributable to management than scarcity is correct. The river basin 
organizations or catchment councils are perhaps the solution requested for Wilder & 
Romero Lankao (2006) for optimizing privatization or any other attempt for regional 
sustainable management but they still, at least in Mexico under the inertial effects of old 
fashion management practices. The local managers and decision makers still avoiding 
support for long term planning in order to get immediate benefits in the local economic 
or political arena. The public access to water management and planning information 
proposed by Montforte & Cantu (2009) seems to be a fundamental solution that would 
help for surveillance over public water resources management decisions. However that 
management and planning information must be generated and supported, so water 
research must be improved for local institutions in order to deal with it.
2.4 Hydrology for Surface Water Resourees
Flood hydrology and water resources assessment offers combined techniques in 
hydrological analysis to predict water system responses, providing solid elements of 
judgement for planning and management of water resources used for city supply. The 
most relevant techniques in the assessment of water resources for this work are flood 
routing and reservoir yielding.
2.4.1 Hydrology of Flow Control and Monitoring
The circulation of water on Earth follows a cyclical pattern which represents the 
fundamental conceptual model in hydrology knovm as the water cycle. There are 
different processes included in the water cycle: precipitation, interception, infiltration, 
percolation, surface runoff, interflow, groundwater seepage, runoff, evaporation, and 
transpiration.
A brief description of the hydrological processes is convenient here. The precipitation is 
the fall of moisture from clouds as rain, hail or snow. The interception is the falling 
moisture collected on leaves before hitting the ground. The infiltration is the moisture 
entering the soil or ground. The percolation is the infiltrating water entering 
groundwater bodies. The surface runoff is the rainfall moving across the surface of the 
ground into drainage channels or rivers. The interflow is the relatively rapid movement 
of water through upper soil layers into drainage channels. The groundwater seepage is
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the water moving through groundwater aquifers into drainage channels. The runoff is 
the flow within a drainage channel incorporating surface runoff, interflow, and 
groundwater seepage. Evaporation is the movement of water into atmosphere from open 
water bodies, interception storage, and damp soil. Finally, transpiration process is the 
moisture movement from plants to atmosphere.
The understanding of surface runoff, along with groundwater, is a vital process for 
water resources management and supply. The surface water system interacts 
continuously with the rest of the water systems, atmospheric, subsurface and 
groundwater. The fundamental unit for surface runoff is the catchment. It is within this 
geographical unit where flow processes occur like open channel flow and storage by 
detention or retention due to changes in residence time during runoff process as a 
response to géomorphologie conditions.
The catchment is the drainage area which channels the runoff towards the sea. The 
principal feature of a catchment is its area which determines the order of magnitude of 
the rainfall received is its area. Its response is governed by its shape which is defined 
mainly by geology, slope and topography (Shaw, 1983).
In the water cycle, the precipitation forces a response on the catchment side throughout 
stream flow until reaches a discharge to sea or an interior lake. The spatial distribution 
of runoff is defined by overland flow and stream flow. The first one refers to runoff out 
of defined streams and the second one is properly a matter of concern of open channels 
hydraulics. In the catchment many phenomena occur, in between the stimulation and 
response, controlled by its géomorphologie characteristics like runoff volume and 
velocity of response. The catchment characteristics controlling runoff volume are the 
catchment area and type of soil, and the characteristics conditioning the velocity of 
response are the order of streams, slope and channel dimensions.
The most common method for stream flow measurement is by area-velocity 
determination. This technique is done by the employment of a current meter which 
registers the velocity at different depths in order to describe accurately a velocity profile 
in the channel. Other alternative techniques are available, such as, dilution gauging, 
moving boat method, ultrasonic gauging, electromagnetic gauging, and acoustic 
Doppler current profilers. Due to shallow waters in many lagoon areas buoys are 
necessary to measure the flow.
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The discrete measurement of stream flow at a particular point at defined time intervals 
generates a graph which makes it possible to relate both parameters and is called the 
hydrograph. Hydrographs are analysed to find the direct runoff and the base runoff. The 
direct runoff represents the excess in rainfall due to a particular storm and is 
fundamental for hydrological design.
A classical division of hydrology of flow control is given in five parts: flood 
characteristics and flow determination, flood routing, reservoir regulation, river 
forecasting, and floodplain adjustments and regulations (Chow, 1964). More modem 
authors separated this subject into two branches related to flood hydrology and water 
resources assessment.
2.4.2 Flood Routing
The quantification of the changes in the hydrograph as it passes through river reaches or 
reservoirs is termed flood routing. The changes in downstream hydrograph are two, 
translation and attenuation. The first refers to the later occurrence of flow peak rate 
time. The second one describes how the volume of water takes longer to pass a lower 
section by diminishing the magnitude of flow peak rate time at downstream points 
(Shaw, 1983).
There are two main approaches to this quantification: the lumped flow routing which 
use the principle of continuity and development of relationships between discharge and 
storage, and the distributed flow routing which proposes the solution of the full Saint 
Venant equations (Chow et al, 1988). The flood routing methods of the first category 
are called hydrologie methods, whilst the second category is knovm as hydraulic 
methods. The difference between the two routing systems lies in the flow calculation as 
a function of time alone at a particular location for lumped system models, and as a 
function of space and time throughout the system. An alternative approach considers a 
third category of methods based on a convection-diffusion equation (NERC, 1975).
The lumped routing models are based on the equation of continuity which describes the 
storage variation in time as the difference between the inflow and outflow hydrographs. 
The impossibility for solution, because only the inflow hydrograph is knovm, while 
outflow hydrograph and storage are unknovm, requires the employment of a second 
equation describing storage conditions for the water body and its coupling with the
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equation of continuity. The characteristics of the storage equation demand a particular 
method of solution depending on consideration of variable and invariable storage- 
outflow conditions, such conditions describe the presence or absence of backwater 
effects in the system. The most known hydrologie routing models described by Chow et 
al (1988) are: level pool routing, Runge-Kutta, Muskingum, and the linear reservoir 
model.
The hydraulic models consider the flow of water as a distributed process because its 
characteristics, like velocity, flow rate, and depth, change spatially throughout the 
watershed. The use and solution of the Saint Venant equations allow the flow rate and 
water level to be computed as functions of space and time. These equations describe one 
dimensional unsteady open channel flow. In these equations the wave motion conditions 
dictate the terms to be considered for the solution in the momentum equation according 
to observed values of acceleration of flow rate. The most knovm distributed flow 
routing models are kinematic, diffusion, and dynamic wave models. The different 
distributed flow routing models are derived from the treatment of the solution for the 
Saint Venant’s momentum equation (Guganesharajah, 2001):
dt dx 4
dh+ gA —  + gAS -q u .  coscr = 0 
ox J ^
Q= flow rate 
t= time
x= longitudinal distance along the channel 
P= Boussinesq coefficient 
A= cross section area of the flow
surface level of the water in channel 
quj= slope of the bottom of the channel 
Sf= slope of energy grade line 
g = acceleration of the gravity
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The five terms that describe this equation correspond to local acceleration (1), 
convective acceleration (11), pressure force (111); gravity force (IV), and friction force 
(V). Chow et al (1988) explains that the simplest model for this distributed flow 
solution is the kinematic wave which neglects the local acceleration, convective 
acceleration, and pressure terms, and the friction and gravity forces balance each other. 
The diffusive wave model neglects the same terms of kinematic wave but incorporates 
pressure term (Havno et al, 1985). The full equation is taken for the full dynamic wave 
and the terms for local and convective acceleration are considered according to the type 
of flow under analysis (Henderson, 1966).
2.4.3 Yield of Surface Water Resources
The yield of a surface water resource refers to the regular amount of water available for 
use. The yield indicates the reliability of a supply and help to assess the impact on the 
local environment. When sustainability addresses the quantity as a fundamental 
indicator for water supply, yield estimation becomes the core analytical tool to define it. 
This definition is made on two scales; the first one indicates the maximum amount of 
water that can be taken from a river in the case of regional water resources assessment. 
The second examines the impact downstream on ecology, and other users, due to an 
abstraction from the river at a particular location.
Abstraction points are established according to the nature of water demand. The water 
abstraction can be made in three ways: pumping to lift water from the river, by means of 
a diversion structure to divert some of the flow, or using an impounding structure, to 
store the flow, with release to supply and downstream. These abstraction methods 
dictate the nature of yield analysis as run-of-river and storage reservoir schemes. In the 
first scheme a low flow analysis is employed for its determination, while for the second 
a range of techniques is employed, such as, reservoir balance calculations, statistical 
analysis of critical inflow sequence, probability matrix records, and mathematical 
programming techniques.
In order to estimate the natural run-of-river yield, the flow duration curve is the simplest 
analysis tool. This curve is a plot of the river flow rate against the proportion of time 
that the flow is exceeded. Low flow analysis is conducted in a similar way to flood 
frequency analysis with three main differences. Firstly, data sets of monthly or annual
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minima are used to identify month by month low flow probabilities of non-exeeedanee. 
Seeondly, data are stored starting from the smallest even to the largest. And finally, the 
distribution used to fit to the data should be a normal distribution, or one with a negative 
skew.
When the sebeme of abstraction is a response to a water demand which implies the 
necessity of a storage volume, then a reservoir is designed. Reservoirs can be designed 
on-stream or off-stream depending on its purpose. Depending on its purpose various 
types of reservoirs exist (Chow, 1964), but disregarding its physical characteristics there 
are four main storage classes implied in its operation: sedimentation, dead, 
conservation, and flood control storage. The first two are a matter of concern of river 
hydraulics or hydropower reservoirs and not related to the purposes of this research. It is 
the operation stage fundamental for knowing reservoir yield, while flood control storage 
allows predicting the safety of reservoir operation (Figure 2.13).
FLOOD CONTROL 
STORAGE
CONSERVATION
STORAGE
DEAD STORAGE
_  INTAKE
SEDIMENTS VOLUME
Figure 2.13 Main Reservoir Operational Levels (adapted from Aparicio, 1992)
Two basic data sets are necessary for reservoir design and analysis: topographic data 
and hydrological time series. The synthesis of topographical information is the 
elevation-volume-area curve. The hydrological data sets are required to cover a 
significant period of time and can be treated in different ways depending on particular 
information needs.
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There are preliminary simple reservoir yield calculations methods. The most flexible 
system for modelling reservoirs in order to determine reliable yields is detailed 
simulation model or reservoir behaviour. This a water balance which uses an inflow 
sequence and algorithms to represent operational rules in order to determine releases 
and supplies made from the reservoir.
The volume that needs to remain in the river or reservoir is a relevant consideration to 
define. Issues considered in this definition include where the resource originates, water 
use patterns establishments, socio-economic gains from proposed use and potential 
future development patterns. Priority is given to existing users and water abstraction 
licence holders.
2.5 Numerical Modelling Methods
The governing equations for fluid motion are expressed as partial differential equations. 
The differential equations require for their solution a numerical analysis treatment in 
order to convert these expressions into algebraic forms which allow a more simple 
solution technique on the basis of a discrete space. This chapter section provides a 
general description of the process implied in the solution of the modelling equations of 
the flow.
The discretisation methods considered here are the traditional finite difference, finite 
element and finite volume, along with the method of characteristics. An alternative and 
novel method called finite integral is considered with special importance because the 
algorithm solution for the sofiware employed for hydraulic modelling in this research it 
is based on it.
A brief exposition of mesh generation for spatial discretisation is presented along with 
the most common solution techniques for the algebraic expressions derived from the 
governing equations. A final section describing the numerical requirements for the 
solution in general closes this section.
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2.5.7 Governing Equations
Computational fluid dynamics is based on the governing equations of fluid dynamics. 
These governing equations are based on three basic principles: the conservation of 
mass, the Newton’s second law, and the conservation of energy. The mathematical 
expressions of these principles are the continuity, energy and momentum equations.
The mathematical expressions are extracted from the application of these fundamental 
physical principles to a model of the flow. The Euler and Lagrange approaches are the 
two possible models of flow (Sotelo, 2005). The first one is described by a finite control 
volume, while the second is analysed as an infinitesimal fluid element. A finite control 
volume represents a closed volume drawn within a finite region of the flow. The closed 
surface which bounds the volume is defined as a control surface. This model focuses on 
the fluid in the finite region of volume instead of the whole flow field at once. In the 
case of an infinitesimal fluid element approach, a particle is considered, which mass is 
constant at any given time interval even when other properties like shape, position or 
thermal condition can change.
Under the two flow conceptualizations the analysis can be done with the unit of 
analysis, finite control volume or infinitesimal fluid element, fixed in space or moving 
with the fluid. For a continuum fluid, these are the four models of flow to be employed 
in the determination of the governing equations of a fluid flow. An alternative flow 
model has been developed more recently, which considers the motion of a fluid as a 
ramification of the mean motion of its atoms and molecules.
Depending on the model of flow a different solution for each governing equation can be 
obtained. Finite flow volumes leads to integral equations and infinitesimal small 
volumes leads to partial differential equations in their governing equations. Hence, a 
solution by means of numerical analysis is employed by Computational Fluid Dynamics 
to replace these equations with discretised algebraic forms. CFD offers flow field values 
at discrete points in time and space by solving these algebraic forms.
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Figure 2.14 Governing Equations of Fluid Flow (Anderson, 1995)
Partial differential equations are valid when the element size and the time interval tend 
to zero. This is the reason why the model of flow which considers an infmitesimally 
small volume leads to partial differential equations for its governing equations. 
Discretization of the partial differential equations is called finite differences, whilst, 
discretization of the integral form of the equations is called finite volumes. Once the 
discretization method has been designed, it is used as a CFD technique in any of both 
approaches, explicit or implicit. At this point it is important to perform a Stability 
Analysis for the numerical solution in order to prevent any errors if values exceed 
certain prescription if increment in the marching direction (Figure 2.14).
An independent but fundamental step for developing a solution for a fluid flow model is 
the establishment of boundary conditions. The governing equations must be solved 
subject to these boundary conditions.
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2.5.2 Numerical Procedures
The modelling of processes associated with hydraulic and water quality phenomena are 
represented by a set of partial differential equations. Due to the complexity of solving 
partial differential equations complexity in its solution, numerical procedures are 
employed to convert them into algebraic equations. Once the algebraic equations are 
derived from the numerical procedures, the employment of a solution technique is 
required. The finite difference, finite volume, finite element, finite integral and method 
of characteristics are employed to derive the numerical equations, which are solved by a 
direct or an iterative method.
The Finite Difference Method (FDM) is a numerical procedure based on the 
approximation of derivatives in a partial differential equation using the difference 
technique. In this technique, the properties of the Taylor’s series are used to derive the 
approximate numerical finite difference equations for the partial differential equations. 
The number of nodal points required to derive the finite difference equation depends on 
the desired order of accuracy and the selected finite difference scheme. The Finite 
Difference Schemes, whether implicit or explicit, are three, known as forward, 
backward and central. It is important point out that, in the Difference Equation which 
substitutes the original Partial Differential Equation, a Truncation Error expression must 
be considered (Mitchell & Griffiths, 1980).
The Finite Element Method (FEM) is a method which the domain is broken in a set of 
discrete finite elements which are one, two, or three dimensional. FEM employs 
approximate functions known as interpolation or basis functions. These functions are 
applied to the governing equations defining the model parameters in a continuum using 
the unknown nodal values. The approximate functions are applied to the partial 
differential equations with a weighting function to derive the algebraic equations. The 
resulting nodal equations from all the associated elements are then aggregated to obtain 
a global set of simultaneous equations. The boundary conditions can be either 
considered as a part of the partial differential equation or assigned to those nodes 
associated with the boundary (Zienkiewicz, 1977).
The Finite Volume Method (FVM) is a cell-centred method. FVM assumes that all the 
variables are defined at the centre of masses of the control volume and time derivatives 
are obtained assuming these centred values as an average for the element. The
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conservation equations for momentum and mass are integrated over the control volume 
to obtain the numerical equations. To do so, the Gauss’ Theorem is applied to transform 
the volume integral to a surface integral. The algebraic equation produced is a function 
of the variables associated with the centre node and the neighbouring nodes. These 
equations, together with the boundary conditions, are used to obtain the solution at the 
nodes (Versteeg & Malalasekera, 1995).
The Finite Integral Method (FIM) is a new technique based on Finite Volume Method 
and Finite Element Method. The main differences are the position of nodes in the vertex 
of the elements, unlike FVM, and the exclusion of weighting functions and the 
definition of integral limits at the boundaries of the control volumes, unlike FEM. “F/M  
uses the spatial variability o f parameters by assigning interpolation functions. In order 
to derive the numerical equations, control volumes are defined for each node, which do 
not overlap with the control volumes o f other nodes” (Guganesharajah, 2001).
The Method o f Characteristics is a technique involving the formulation of the 
conservation equations for momentum and mass into a characteristic form. In this 
technique, the characteristic equations enable tracing of the wave movement in a 
hydraulic system both spatially and temporally (Henderson, 1966).
2.5.3 Discretisation of Model Region
The solution of the governing flow equations over an arrangement of discrete points 
throughout a flow field demands the determination of a proper grid over a given 
geometric shape, because if a suitable grid is not selected the numerical solution could 
be broken.
The shapes of the elements are related to the model algorithms where numerical 
equations are derived based on the properties of the selected shape of each element and 
the parameter at nodal points. Depending on the numbers of dimensions, the basic 
discrete elements in a grid or a mesh can be a line or a curve for one dimension, a 
triangular or rectangular prism for two dimension and a tetrahedron, triangular prism or 
a pyramid in a three dimensional model.
The grids can be uniform or non-uniform depending on the shape of the area in which 
the solution will be discretised. For some discretization techniques, like the standard 
finite difference method, require compulsory a uniform grid is compulsory for its
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solution. Therefore, the governing partial differential equations must be transformed 
mathematically for its application from a physical plane into a computational plane. 
This transformation process is knovm as grid generation.
Sometimes, the non-uniform grids show certain regularity in their pattern of 
construction. For a uniform mesh, the shape is regular. According to this shape, the 
mesh can be structured or unstructured if is constructed with a regular or irregular 
pattern. The main shortcoming of a structured mesh is that cannot be fitted with 
irregularly shaped boundaries while this fitting property is the main advantage of 
unstructured meshes which allows, by means of adaptive meshing, the creation of a 
mesh conforming to the model boundary along with the possibility of modifying the 
grid resolution.
Unlike the finite difference method, others discretization methods can deal with 
unstructured meshes and make use of this kind of structure more popular in 
Computational Fluid Dynamics but, paradoxically, Cartesian meshes with the maximum 
degree of structure are being developed more successfully.
2.5.4 Solution Techniques
Once numerical and spatial discretisation has been performed a systematic procedure by 
which numerical solution leads to fluid flow solution can be conducted. The equations 
derived from the numerical methods are either linear or non-linear, depending on the 
properties of the partial differential equations. These equations are solved by either 
employing a direct method, an iterative method or a combination of both methods.
The linear systems of equations use a direct method of solution such as matrix inversion 
or Gaussian elimination followed by back substitution techniques. The direct methods 
when applied in large models require a large amount of memory and processing time. 
Some of the sources of error in these methods are described by James (1993) as follows:
a) The value o f pivot elements can affect the answer significantly
b) Uncertainty in the coefficients o f the variables may also lead to errors 
particularly i f  the coefficients are obtainedfrom experimental observation.
c) Round-off errors may be significant, particularly in large systems o f equations.
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Large systems of linear equations preserve a relevant degree of uncertainty by the direct 
approach. Several iterative techniques have been developed for accuracy including the 
Jacobi method, the Gauss-Seidel method and the Successive Over-Relaxation method 
(SOR). The Jacobi method assumes the same values for independent variable which are 
obtained from previous iteration. The iterative procedure is continued until the errors 
reach a prescribed minimum value. The Gauss-Seidel method assumes the new values 
for independent variable which are obtained from current iteration. The SOR method is 
similar to the Gauss-Seidel method but includes a factor to accelerate the rate of 
convergence in the iterative procedure.
The alternative for the solution of non-lineal systems of equations is the Newton- 
Raphson method which is a combination of direct and iterative procedures of solution. 
In order to apply the Newton-Raphson method, the numerical equation is represented in 
terms of its residual value and the aim is to minimise the error to a desired value by 
changing a particular variable. Because in most instances equations are complex the 
difference technique is employed to derive the partial derivatives and hence and sparse 
matrix for derivatives is developed. The analysis is repeated until the residuals in all 
equations are below an acceptable limit (Guganesharajah, 2001).
2.5.5 Numerical Requirements
The partial differential equations that formulate the model can determine a limit for 
accuracy to describe the phenomena. These inaecuracies are caused for local and global 
errors during the numerical process either because the simplification hypotheses are not 
valid or because some variables involved in the analysis have not been considered. The 
requirements in numerical modelling to preserve the accuracy in the results despite the 
occurrence of local truncation errors during the solution process are three: convergence, 
consistency and stability (Stummel & Hainer, 1980). The model accuracy can be 
confirmed after these three conditions are accomplished.
Consistency describes the relationship between the numerical scheme and the 
differential system. It is essential that the solutions of the numerical equations and the 
partial differential equations be exactly the same. If this is not the case, the numerical 
scheme is said to be inconsistent with respect to the differential equation (Smith, 1980).
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The model calculation process changes in time and space. Therefore, it can occur that 
during the calculation process round-off errors can be further amplified. Most of the 
times, these errors are attributable to the limited precision available when storing 
variables in a computer system.
A partial differential equation solution approximated by a system of linear equations is 
affected due to local truncation errors. The local truncation error is the difference 
between the exact value and the value obtained from the numerical equation. A classical 
way of analyzing the truncation error in a finite difference scheme is based on the 
Taylor’s series. In this method the truncation error is defined for forward and backward 
changes and hence the first derivative for forward, backward and central difference is 
calculated. The order of accuracy of a finite difference scheme can be improved by 
selecting an increasing number of terms in the Taylor’s series to obtain the approximate 
solutions for the partial derivatives. In the finite element and the finite integral 
approach, the truncation errors are minimized by increasing the order of interpolation or 
shape function (Guganesharajah, 2001).
The errors arising from the difference between the actual solution and a truncated 
solution are due to limitations of finite number of decimal places and are known as 
rounding errors. The rounding errors can grow with time steps, resulting in spurious or 
unreliable solutions. When errors of this nature occur the numerical scheme is classified 
as unstable. The analytical approach to evaluate the stability of a linear numerical 
scheme is generally based on two methods: the matrix technique based on spectral 
radius or the Eigen value, and the Fourier series method, also known as von Neumann 
method (Guganesharajah, 2001).
The finite difference equation is said to be convergent if its exact solution tends to the 
exact solution of the numerical equation when the element size and time tend to zero. 
When the accuracy is improved, the convergence rate will also improve albeit at the 
expense of run time and computer storage requirement. Convergence results when a 
model satisfies consistency and stability (Schatzman, 2002). A numerical scheme can be 
stable but not consistent or vice versa.
Although a numerical scheme may satisfy the aforementioned criteria, the inaccuracies 
resulting from truncating the higher order terms in the Taylor’s series can contribute to 
errors in the predictive parameters. If there is significant variation then the numerical
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scheme requires refinement, particularly in relation to the order of accuracy in space and 
time. The accuracy of a model is not only related to the order of accuracy of the 
numerical equation, but to a large extent to the grid size and the time step.
2.6 Hydraulic Models
The more advanced analytical tool to use for the quantification of water resources is the 
employment of hydraulic and water quality models. These models are a response to the 
nature of problems and available data. The availability of data defines the necessity of 
using a deterministic or stochastic model; therefore this section starts by providing an 
overview of classification of models according to randomness and spatial and time 
variations.
The main goal of the hydraulic models is to describe the variation of flow through a 
defined period of time. The definition of modelling flow equations to simulate water 
motion is presented by Navier Stokes equations (Guganesharajah, 2001) for mass and 
momentum along with the non-dimensional parameters used to describe relationships 
between the different forces acting under different run off characteristics.
Multidimensionality is required in flow simulation according to main flow 
characteristics, and the circumstances force the employment of a particular 
mathematical solution for flow equations. The one dimensional treatment of the flow is 
applied to rivers, whilst lake, lagoons and reservoirs are water bodies that need to be 
solved for their motion in two axes directions. Groundwater requires the consideration 
of depth value which makes necessary a three dimensional solution for its flow 
simulation. Sometimes reservoirs are required to be solved in three dimensions because 
of significant depth variation. A two dimensional simulation is often a simplification of 
three dimension solution, unlike one dimensional simulations which requires a 
particular equation modelling flow movement in a channel.
2.6.1 Classification of Models
According to Chow et al (1988), hydrological models are divided in two different 
groups: physical models and abstract models. The physical models are constructed on a 
smaller scale than the original and tested in conditions equivalent to reality. Another 
type of physical models is analogical models, where a different physical system with 
similar properties to the system of interest is employed.
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The second largest group of hydrological models are abstract models. The abstract 
models simulate in mathematical form the behaviour of the systems. For a mathematical 
formulation of a hydraulic concept the implied parameters must reflect appropriately 
their relationships by means of equations in which it could be possible to deduce the 
unknown variables from the known variables and hydraulic parameters describing the 
problem. The impossibility of a whole representation of hydraulic phenomena, 
including all the possibilities for the parameters involved, makes necessary a modelling 
simplification. This simplification is made according to randomness, and for its spatial 
and temporal variability.
A hydrological model is defined in terms of probability of occurrence as deterministic 
or stochastic. For deterministic models in terms of spatial variability they could be 
lumped or distributed and each can be solved for temporal variability as steady and non­
steady flow. Stochastic models can be correlated or not correlated with space and time 
(Figure 2.15).
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Figure 2.15 Classifications of Hydraulic Models (Chow et al^  1988)
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A deterministic model forecasts whilst a stochastic model predicts. The difference 
between them is on input randomness nature. A deterministic model does not consider 
randomness. In these models all factors are known and the variability in the model 
output is so small that it can be neglected. In the case of stochastic models, the random 
variation of its parameters is large and probabilistic techniques are compulsory for their 
solution.
In terms of spatial variation it is recognized that the hydraulic problems changes along 
the three spatial dimensions. The complexity associated with a formulation of this 
circumstance in deterministic models leads to the assumption of spatial hydraulic 
lumped or distributed phenomena (Chow et al, 1988). The deterministic lumped models 
are spatially averaged while distributed models consider hydrological process taking 
places at various points in space. In stochastic models the hydraulic phenomena are 
addressed as independent or correlated spatially. In terms of time variation the flow can 
be considered continuous or not depending on the characteristics of the system to be 
simulated. Deterministic models can study steady or unsteady flow, while stochastic 
models can be independent or correlated in time depending on the relationship among 
the events occurrence within the system under study.
The hydraulic models can simulate water physical behaviour by means of water levels, 
pressure, current speeds and direction and the chemical-biological status can be 
simulated with the employment of a Contaminant Transport Model to simulate the 
concentration levels of water quality parameters. To do so, is important to have a 
reliable data base related with the parameters involved within the process to be 
simulated. Reliable information about hydraulic or meteorological data for water 
physical aspects, phosphorus and nitrogen as nutrients, and oxygen or Biochemical 
Oxygen Demand for water chemistry aspects and bacteria and eutrophication for water 
biological aspects is required (Figure 2.16).
The model study procedure concerns the development of a computational model from 
initial data collection to testing and the evaluation of engineering options to meet design 
requirements. In general terms a model study procedure includes eight steps: model 
definition, data collection, model construction, model testing, model calibration, model 
verification, design runs, operational monitoring.
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Figure 2.16 Data Requirement for Hydraulic and Water Quality Models (Guganesharajah, 2001)
During the model definition and data collection phases, the area of interest including the 
location of model boundaries is defined, and available gauging data are analysed. 
Location of model cross sections or bathymetry is often defined by the availability of 
survey information. Topographical information from aerial surveys and contour 
mapping, if available, may also be used in model definition. Onee the extents are 
established, data must be collected for inflows (hydrological analysis), outflows 
(abstractions), bottom description (cross sections or bathymetry), hydraulic structures, 
and observed level and/or discharge information.
For the model construction phase, a network is defined, cross sections or bathymetry is 
created, inflow-outflow boundary, and other topographical information files. Often 
carried out as part of model construction, model testing involves running simulations for 
various parts of the model and checking simulated levels and flows against permissible 
and recorded levels and against manual calculations.
Model calibration is carried out by adjusting the resistance coefficient of channels and 
flow coefficients of structures to match the observed discharges and water levels to an 
aeceptable level of accuracy. The model verification is an exercise carried out to test the 
validity of the calibration coefficients of the model by using data sets which are 
independent of the data set used for calibration.
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The simulation of a range of inflow, water level and outflow patterns (boundary 
conditions) is known as the design runs phase, and is used to estimate water levels and 
discharges throughout the system. In the final phase, operational monitoring, the model 
used for design purposes may be adopted, with any modifications necessary to reflect 
as-built conditions, for use in operational control monitoring.
2,6,2 Fluid Flow Equations
In Hydraulics, the fluid flow is considered viscous and the governing equations for its 
motion have been established and are known as the Navier-Stokes Equations. Another 
set of solutions for non-viscous and compressible flow are known as Euler Equations.
The Navier-Stokes equations are employed for continuity and momentum where the 
internal frictions are included. This equation conserves the momentum in an isotropic 
fluid. If temperature variations in the systems are negligible and the fluid is 
incompressible, which means that density is constant, the conservation equation for 
mass and momentum can be expressed in the following form (Guganesharajah, 2001):
Continuity Equation
du-
_ I  = 0
dt
Momentum Equation
ÔU du B 1 Sp p d \
■+u . —    -------£ -+ r  I
dt J dxj p  p  dx. p  d x ?
Or
du. du, B. \ d u.
— -+ u . — L = --------— +v------
dt J d x . p  p  dx. dx ?
The momentum equation for the case of an in viscid fluid neglects the friction terms and 
is expressed as the Euler equation for an ideal fluid.
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2.6.3 Multi-Dimensional Flow Modelling
The prime function of a Hydraulic and Water Quality Model is a representation of the 
Partial Differential Equations associated with the processes in a numerical form and 
simulation of the hydraulic and water quality parameters, velocities and water level, 
with the aid of a computer under varying environmental conditions. The approach is just 
an approximation to reality and the accuracy depends on the data quality available.
The model dimension is fundamental for any hydraulic simulation exercise and this is 
determined for the governing flow regime to be analysed. Generally, one dimensional 
flow is associated with rivers, two dimensions with shallow lagoons and three 
dimensions with groundwater problems or deep water where the vertical component is 
significant.
Flow modelling can be performed in one, two or three dimensions depending on the 
characteristics of the water body to be simulated. The simulation of rivers, lakes, 
lagoons, reservoirs, and groundwater differs in the significance of movement direction 
of the flow. For a river a one dimensional exercise can describe the flow behaviour in an 
open channel, whilst a lagoon or reservoir demands an analysis in two directions over 
the surface. For groundwater the vertical axis to describe the depth in the aquifer is 
essential, therefore a three dimensional model is required.
The partial differential equations which describe the full dynamic flow of water in open 
channels were formulated by Barre de Saint Venant in 1871. The equations are 
generally given in differential form and represent the conservation of momentum and 
mass. There are various techniques available to represent the partial differential 
equations associated with conservation for mass and momentum in a channel reach to a 
numerical form. The most widely applied technique is based on the finite difference 
method.
The advent of computers has made possible the application of the full dynamic equation 
to channel routing and various river models, with accuracy acceptable for most
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engineering applications, have been developed. The most known of these models are: 
DWOPER, HEC-RAS (Knelb et al, 2005), HYDRO-ID (Guganesharajah, 2004), ISIS 
(Gomes Lopes et al, 2004), and MIKE 11 (Thompson et al, 2004). All these models are 
based on the implicit finite difference solution to the equations of momentum and mass 
conservation. Except for the DWOPER, all the models are capable of modelling water 
quality parameters.
For lagoons and groundwater, the fluid motion can be simulated by Navier-Stokes 
equations solution for two and three dimensions. Two dimensional models are based on 
simplification of three dimensional processes in space to a two dimensional form. This 
is achieved by averaging parameters in one of the three spatial dimensions.
There are various two-dimensional models available to simulate the hydraulic 
parameters in rivers, estuaries and reservoirs. The best known of these models are: 
DIVAST (Brockelmann et al, 2004), DELFT3D, HYDR0-2D, MIKE 21 (Warren & 
Bach, 1992), and TELEMAC-2D (Briere et al, 2007). All these models are based on the 
alternating direction finite difference implicit scheme. Except for TELEMAC-2D, this is 
based on the finite element scheme. All models are capable of modelling hydraulic and 
water quality parameters.
There are various three-dimensional models available to simulate the hydraulic 
parameters in rivers, estuaries, ponds, reservoirs and aquifers. The best known of these 
models are: CFX, FL0W-3D, FLUENT, HYDR0-3D, PHOENICS and TELEMAC- 
3D. HYDR0-3D (Patel et al, 2004) and TELEMAC-3D (Cheviet et al, 2002) are 
specifically developed for hydraulic applications whereas the others are computational 
fluid dynamics codes originally developed for applications such as aircraft design, 
automotive design, fire and safety issues, heating and ventilation design. It is possible to 
find more software solutions in current literature (Cox, 2003); at this point Saunders 
(1999) proposes the following comparative table for hydraulic modelling software 
(Tables 2.2-2.3).
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Table 2.2 Comparison of Solution Schemes and Hydrodynamic Basis -1 (Saunders, 1999)
Param èter Mike 21 Trisula Tideway Telemac
. -r
Solution *  
Scheme
ADI finite 
d iffe rence 
solution
Finite D ifference Implicit 
Solution S c h e m e
S ig m a  transfo rm ation  for 
vertical coo rd ina te
ADI finite 
d ifference 
solution
Finite E lem en t  
Galerkin m e thod
* Hydraulic  
Basic ?
Depth
In tegrated
flow
e q u a t io n s
S m ag o r in sk y
e d d y
formulation
N o n -s tea d y  flow an d  
t ran sp o r t  p h e n o m e n a  for 
vertically a v e r a g e d  two 
d im ens iona l  a n d  optionally 
th re e  d im ensiona l 
conditions on a  curvilinear 
grid
Wind, T e m p e ra tu re  an d  
Salinity e f fec ts  ca n  be  
m odelled
Depth 
In teg ra ted  flow 
e q u a t io n s
D epth In tegra ted  
flow e q u a t io n s
Table 2.3 Comparison of Solution Schemes and Hydrodynamic Basis -2 (Saunders, 1999)
Parameter ^  Hydro-3D " Divast Aquasea
Solution Scheme Finite E lem en t  
Galerkin M ethod
ADI finite d iffe rence 
solution Finite E le m en t
Hydraulic Basic
Navier Stokes-full 
th ree -d im ens iona l  
formulation
Eddy effec ts
Wind, te m p e ra tu re  and  
salinity effec ts  c a n  b e  
m odelled
D epth  In teg ra ted  flow 
e q u a t io n s
Two op tions  for tu rbu lence  
m ode l
Z- eq u a t io n  k-e. 
S im ple  mixing length m odel
Navier S to k e s  
e q u a t io n s
Wind s t r e s s  
Coriolis fo rc e s
2.7 Recent Developments
The numerical models are being used intensively in the study of rivers (Rodriguez et al, 
2004) and lagoons (Baleo et al, 2001). They are a powerful tool to assist exploration 
and design of water resources. In the modern praetice of Integrated Water Resources 
Planning and Management the numerical models are difficult to be widely accepted for 
planners and stakeholders due to the necessity of specialized knowledge for its 
understanding. However, to reaeh an Integrated Water Resource Systems (Keller et al, 
1996) efficient management, it is required a full knowledge of water systems properties.
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In recent times, the numerical modeling can be incorporated to shell modeling in order 
to integrate shared vision models. The share vision models are used to assist Decision 
Support Systems for planners and stakeholders. The Decision Support Systems are used 
to help in Integrated Water Resources Planning and Management.
The Decision Support Systems have been developed to tackle semi-structured and 
unstructured problems; therefore they are applicable to the complexity of environmental 
decisions. Simonovic (1996) describes the decision support systems role in sustainable 
development and explains its characteristics, architecture and main components. These 
management systems are designed to assist by means of computer modeling the various 
phases in a decision process of a particular problem. The attachment of complex 
problems is made by means of frameworks. There are frameworks developed to assist 
the different aspects for catchment systems (Walmsley, 2002; Giuponni et al, 2004; 
Mysiak et al, 2005), urban water (Bai & Imura, 2001; Hurley et al, 2008; Pearson et al, 
2010) or ecology (Armitage, 1995; Richter et al, 2003).
Voinov & Bousquet (2010) state that "'the better decisions are implemented with less 
conflict and more success when they are driven by stakeholders, due to they will be 
bearing the consequences"'". The approach to a decision making ranges from a 
completely unsupported if information systems or modeling are not get involved in any 
phase of the decision process to a fu lly  automated whereas data is provided by 
information systems and is analyzed, along with options generation, decision selection 
and implementation, by means of modeling. In order to encourage stakeholders and 
planners as decision makers to get immerse in modeling to improve their decision 
making approach, the shared-vision models have been developed.
The participatory or shared-vision modeling practice has been reported in use for United 
States and Canada (Loucks, 2006; Voinov & Brown Gaddis, 2008), North Africa 
(Georgakakos, 2007), and Portugal (Videira et al, 2009). The shared-vision models are 
an approach by means of interactive shell modeling that covers the different areas that 
are required for a particular problem. In terms of water systems, various models based 
on modular basis to simulate water resources are being currently used; Andreu et al 
(1996) reports the Spanish project AQUATOOL, whilst Assaf et al (2008) documents 
other five shared-vision models: RIBASIM, MIKE BASIN, MODSIM, WBalMo and 
WEAP.
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All of these are known as generic models and have in common a friendly graphic user 
interface but they difference from each other in the relevance of their modeling shells. 
For instance, the strength of WEAP and WBalMo as interactive simulation systems is 
the Water Balance Model. The WEAP (Water Evaluation and Planning System) model 
developed by the Stockholm Environment Institute maintains a database to drive mass 
balance model through a network. It has as simulation capacities the calculation of 
water demand, supply, runoff, infiltration, and water quality under different policy and 
hydrological scenarios. It has been applied recently for Climate Change impacts on 
water resources in America (Sanchez Torres Esqueda et al, 2011; Swiech et al, 2012), 
Asia (Alfarra et al, 2012) and Africa (Levite et al, 2003).
The WBalMo (Water Balance Model) has been developed by DHI-WASY and 
calculates the water balance between natural discharge and water use in large river 
basins. It has an extension of Arc View CIS by ESRI as a user interface. This model has 
an important role in the Glowa Elbe Project that studies the impacts of global change on 
the water cycle in the Elbe region in Germany.
The Danish Hydraulic Institute (DHI) has developed as well the MIKE BASIN model. 
This model is reported for its application in areas such as: water allocation, 
environmental modeling, reservoirs and hydropower, and time series analysis. Bangash 
et al (2012) has identified MIKE BASIN as an efficient tool for low flow and data 
scarce hydrological simulation. Likewise, Ireson et al (2006) considers MIKE BASIN 
as an appropriated model for working with data scarcity environments.
A groundwater modeling module is reported by RIBASIM, MODSIM and 
AQUATOOL but whilst RIBASIM and MODSIM include in their capabilities water 
quality modeling module, AQUATOOL offers two modules for risk assessment. 
AQUATOOL (Andreu et al, 1996) has been developed by the Institute de Ingenieria 
Del Agua y Medio Ambiente de la Universidad Politécnica de Valencia (IIAMA-UPV) 
and has been applied in Spain, Latin America and North Africa.
RIBASIM developed by DELFT and is used for any analysis which requires the water 
balance of a basin to be simulated. Recently has been used as flow routing component 
within a Flow Early Warning System (FEWS). It is linked to a water quality module 
called DELWAQ and its user interface is GIS oriented. It has been applied recently in 
Crete (Kritsotakis & Tsanis, 2009) and in North Africa (Booij et al, 2011).
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The MODSIM model has been developed by Colorado State University and used for 
shared river basins analysis. This model is linked with stream-aquifer models for 
analysis of the joint use of groundwater and surface water resources. Labadie (2006) 
reports that can interact with GIS databases through an application called GEO- 
MODSIM that "allows automatic generation o f MODSIM networks from geometric 
networks and processing o f spatial database information in a GIS”.
Loucks et al (2005) says that once interaction shells are designed a second step in 
shared-vision models tends to the creation of open modeling systems (Open MI). These 
open models help to create a modeling environment that enables the inclusion of all the 
models used and operated by the different stakeholders involved in the environmental 
planning process (Blind & Gregersen 2005; Gregersen et al, 2007; Castronova & 
Goodall, 2012; Castronova et al, 2012).
Multidimensional numerical model still in use for ID, 2D or 3D in order to determine 
hydraulic features as water levels, current velocities, current directions and helping to 
generate databases with simulated hydraulic effects for a particular morphology and can 
be integrated in a Decision Support Systems in order to be shown in an understandable 
format to stakeholders. Once is available for non-hydraulic analysis the information 
generated for numerical model is aggregated to a shared-vision model and is available 
to be contrasted with other management parameters under the same environment.
Loucks et al (2005) provides an example of the aforementioned in the Netherlands. 
Delft Hydraulics developed a Decision Support System for Flood Management in the 
River Rhine Basin called Planning Kit. The Planning Kit assists the evaluation of 600 
possible river improvement measures in order to choose the most appropriate for the 
majority of the stakeholders within the basin. This Decision Support System allows the 
use of online information about flood levels resulting of combinations of measures 
along the river. From the already available River Rhine numerical models the most 
appropriated in scale level and in sophistication is selected and used to generate the 
required flood levels. Once a flood levels database is created for different scenarios then 
is incorporated to Planning Kit for supporting the analysis of stakeholders and planners 
before decision making process is completed.
It can be concluded that a gap exist between an Integral Water Resources System that 
must be supported by science and Integral Water Resources Planning which supports
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Management. This gap has started to be fulfilled by decision support systems in the past 
two decades. The decision support systems are aided by generic models that allow 
management scenario analysis. However, numerical models still representing the 
foundation for water resources analysis before decision making for planners and 
stakeholders, especially if they are working with unrecorded and complex water 
systems. As it has been shown in this review there are various steps to accomplish 
before hydraulic modeling could be incorporated into planning. These steps after 
hydraulic modeling are its inclusion in shared vision models before to be linked to open 
modeling in order to offer a consistent modelling environment.
The research of this thesis deals with a complex water system which is managed 
efficiently but only quantitatively. This kind of management is satisfied by limited 
hydrometrics within the water system. In order to improve its management and 
planning, covering water quality aspects, flood management and the other required 
issues, the considered water system needs to be simulated by computational fluid 
dynamics for more accurate understanding on its hydraulics. Once the water system is 
scientifically described, then its results could be used in the future by shared-vision 
models in order to get an Integral Water Resources Planning and Management for the 
region.
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CHAPTERS 
MODELLING STRATEGY FOR RIVER TAMESI
3.1 Introduction
The Chairel Lagoon is the water body that supplies Tampico and Madero in South 
Tamaulipas. It is located at a region classified by CON AGUA as a zone with a moderate 
pressure on water resources, and is part of a very complex water system. The Chairel 
Lagoon water availability is linked to average water levels in the Tamesi River Lagoon 
System. This water management strategy has kept unrecorded Chairel inflow values. A 
reliable input for inflow values in Chairel Lagoon requires a flow routing model from 
the previous CONAGUA monitoring station located at 110 km upstream.
In order to assess water availability for Chairel Lagoon this research combine river 
modeling in order to transport the recorded inflow data throughout River Tamesi until 
Chairel inlet, and so, to get a more accurate water balance calculation for Chairel. The 
modelling strategy for this research it is presented here, describing in detail the steps 
and the process to create a one dimensional model using computational fluid dynamics. 
The River Tamesi model is intended to be used as an aid to predict different scenarios, 
relevant to management for Chairel Lagoon.
3.2 Choice of Study Site
The Golfo Norte Water Management region is a CONAGUA administrative region that 
is in charge of water management of the Rivers Panuco and San Femando-Soto La 
Marina. Within this area, the most populated zone is in the south of the state of 
Tamaulipas in the Tampico and Madero zone.
The Tampico and Madero zone relies, for its water supply, on Chairel Lagoon. This is a 
man-made reservoir in the Tamesi River Lagoon System. Its location within a complex 
water system, and the possible interactions for their operation and management in the 
future, makes necessary the study of the hydrological dynamics of these water bodies.
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3.2.1 Water Usage in Golfo Water Management Zone
The pressure on water resources in Mexico is clearly divided into two zones of pressure. 
The most industrialized North is under strong resource pressure while the more rural 
zone is in a very low pressure status. The only water management zone in the category 
of moderate is the CONAGUA Golfo Norte Region.
The Golfo Norte Region is an administrative zone of CONAGUA and its area includes 
two major catchments; River Panuco and River San Femando-Soto La Marina. This 
region has a population of 4,847,074 inhabitants (2005), divided into 2,427,515 
inhabitants in urban zones and 2,419,559 inhabitants in rural zones.
The water availability for the zone is given by the following indicators:
• 815.6 mm annual precipitation (1941-2000),
• 5,201 m^/inhabitant/year per capita availability,
• 24,227 cubic hectometre/year surface runoff,
• 1,392 cubic hectometre/year aquifer recharge.
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Figure 3.1 Distribution of water resources by type and usage in Golfo Region (CONAGUA, 2007)
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The water usage in the zone is: agriculture (78.1%), water supply (10.4%), industry 
(10.1%), and thermo-electrical power generation (1.4%). The sources of water for 
supply are: surface water 78%, and groundwater 22% (Figure 3.1).
The water supply coverage for the zone in 2005 was 80.9 % and the sewerage coverage 
was 65.3 %. The most important urban centre within the region is the Tampico-Madero 
zone in the south of Tamaulipas state.
3.2.2 Tampico and Madero Drinking Water Source
In the South of Tamaulipas a major part of urban population is concentrated due to 
conurbations: Tampico, Madero and Altamira. In order to meet the water demand 
requirements, the local water supply company (COMAPA) has two different water 
treatment plants: Laguna de la Puerta in the North supplying Altamira, and COMAP A 
Altavista supplying the Tampico and Madero zone.
In the case of Tampico and Madero, the main water supply source is the Chairel 
Lagoon. The Chairel Lagoon is a reservoir made of three small lagoons at the 
downstream end of a major lagoon system with its axis around the final course of the 
River Tamesi. The Chairel Lagoon was artificially built up by means of a system of 
dykes. The dykes isolate the water body from the brackish tidal river waters 
downstream. Throughout 50 years of operation it has been necessary to carry out 
constant maintenance dredging and capacity adaptations. The most significant recent 
changes were carried out in the mid-nineties in order to recover the capacity of the main 
abstraction pond.
As the final part of a system with a notoriously clean and abundant water resource, the 
Chairel Lagoon seems to provide the facility to be easily modified, to meet changing 
water demand pressures in the future. However, because of the characteristics of the 
River Tamesi Lagoon System, it is important to evaluate the resource and the 
possibilities of its exploitation in future without damage for surrounding ecosystem or 
creating effects on other lagoons usages.
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3.2.3 Tamesi River and Lagoon System
Chairel Lagoon is a water body located in the coordinates 22° 14’ 46” N and 97° 52’ 
50” W at the Tamesi River Lagoon System. This lagoon system is the downstream zone 
of the Guayalej o-Tamesi River System. The Gnayalej o-Tamesi River System is a sub 
catchment of the Panuco River Basin and is identified as the 26^  ^ Hydrological Zone 
within the national Mexican context (Figure 3.2).
The Panuco River Basin is one of the most important hydrographic regions in Mexico. 
The catchment’s area is 84,956 km^, the river length is 510 km and the average surface 
flow is 20,330 hm^ / year. Panuco River receives different tributary streams along its 
course coming in from the following States: Mexico, Puebla, Hidalgo, Querétaro, 
Veracruz, Guanajuato, San Luis Potosf, Tamaulipas and Nuevo Leon.
In the River Panuco basin at Tamaulipas, the main tributary is the Guayalej o-T amesi 
River sub-catchment, with an area of 17,084 km^. River Guayalejo catchment borders at 
north with Soto La Marina catchment and El Salado region. River Tuxpan eastward. 
River Lerma westward and River Balsas catchment at South.
River Guayalejo has many tributaries along its course. The main tributaries are: 
Maravillas, Jaumave, La Canada, San Isidro, Sabinas, Comandante, Mante, San 
Vicente, El Cojo, Las Animas, Naranjo y Tantoan. Downstream the Guayalejo - 
Tantoan confluence, the river name changes to Tamesi (Figure 3.3).
The River Tamesi runs across a Lagoon System located downstream in the catchment. 
The system is made by the following main lagoons: Champayan, La Puerta, Quintero, 
La Tortuga, Camalote, La Escondida, and Chairel (Figure 3.4). The lagoons cover a 
reported area of 42,750 has, with a mean depth of 1.00m and an available volume of 
423.88 Mm^ (Sanchez Torres Esqueda, 1996).
The Tamesi River is the central axis for the lagoon system and the origin of the system 
itself. The changes in its course through thousands of years are giving as an outcome the 
different lagoons compounding the system and the sandstones and gravel deposits 
which allow the interflow ensuring the communication among the different lagoons and 
the river itself and even with the Panuco River Estuarine System southward. Its 
theoretical interconnectivity is shown in the figure 3.5.
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TAMESI RIVER LAGOON SYSTEM
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Figure 3.4 Tamesi River Lagoon System
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Figure 3.5 Tamesi River Lagoon System Interconnectivity (CONAGUA, 2004)
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3.2.4 Chairel Reservoir
Chairel Reservoir is a set of three lagoons downstream of the Tamesi River Lagoon 
System. Chairel was modified as a reservoir fifty years ago. This modification made by 
a dyke system border ensured surface water isolation in order to prevent saline intrusion 
and to provide a pound with the necessary depth levels for water abstraction and 
distribution to the city. The Chairel Reservoir is made by three different lagoons 
connected by a channels network. Corchal Lagoon is in the North; La Herradura Lagoon 
is in the East; and El Chairel Lagoon is in the South (Figure 3.6). This internal division 
is established for local authorities but not recognized officially by CONAGUA.
TAIVIPICOEL CHAIREL RESERVOIR
A)EL CORCHAL
B) LA HERRADURA
C) EL CHAIREL
INTAKE
Figure 3.6 El Chairel Reservoir
The water entering into the system is coming from Tamesi River by three different 
ways: La Escondida channel in the north, and two more diverted from American 
Channel, an artificial branch of Tamesi River, Bacante and Corona Channels in the 
west.
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The boundaries of Chairel are Tamesi River to the west. La Escondida Lagoon to the 
North, Panuco River to the South and Tampico City to the East. Chairel Lagoon has an 
area of 1,710 Has, an average mean depth of 2.06m and stores a volume of 12.40 Mm^.
In the South of Tamaulipas a major part of urban population is concentrated due to 
conurbations: Tampico, Madero and Altamira. In order to meet the water demand 
requirements, the local water supply company (COMAPA) has two different water 
treatment plants: Laguna de la Puerta in the North supplying Altamira, and COMAP A 
Altavista supplying the Tampico and Madero zone.
3.3 Modelling Strategy for River Tamesi
The hydraulic modelling strategy for River Tamesi is described in seven steps: model 
definition, data collection, model construction, model testing, calibration, verification, 
design runs. Once the modelling is done its values on Chairel Lagoon inflows can be 
used for water balance calculation to assess its yielding for different cases.
3,3.1 Model Definition
The yield calculation for Chairel lagoon presents the following problem. Lagoon inflow 
values required for preliminary analysis are unknown. The gauging station nearest to the 
entrance of the Tamesi River Lagoon System is 110 km upstream of the Chairel 
Lagoon. It was therefore necessary to perform a flow routing exercise in order to 
estimate that fraction of recorded inflow in gauge stations that represents an inflow for 
Chairel.
The one dimensional model presented here includes the River Tamesi main stream and 
an additional network linked to it in order to simulate river-lagoon interaction that can 
affect the flow value downstream. The river covers 110 km long and its influence to 
427.50 km^. The model boundaries are set for Chairel Lagoon water levels downstream, 
2.5 m^/sec abstraction rate for water supply, and inflow hydrographs upstream at 
Magiscatzin gauge station. The model cross sections are placed every 2 km along the 
River Tamesi.
A necessary prerequisite for Chairel Lagoon simulation is to know its water levels 
variation throughout available time series at its inlet. Once this information is obtained 
for different scenarios it is possible to calculate a water balance, illustrating the
67
PhD Thesis Juan Carlos Gomez-Rivera
reservoir functioning (Figure 3.7). The inputs considered for water balance are inflow, 
lateral flow, rainfall. The outputs are outflow and evaporation.
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Figure 3.7 Modelling Requirements for El Chairel Lagoon
3.3.2 Model Construction
Hydrography and drainage is worked in Arc View GIS. It is important to create a 
background spatial model which allows study areas and connectivity of the hydrography 
in the catchment. The networks and channel profile were solved with the internal 
analytical tools of HYDRO ID. The network covers the final 110 km of River Tamesi 
course. The input hydrographs correspond to Magiscatzin station recorded data 
provided by CONAGUA. The water levels recorded in Chairel Lagoon and the 
COMAPA discharge value were placed as boundary data downstream.
3.3.3 Model Testing
HYDRO ID is chosen as the analytical solver for River Tamesi modelling. HYDRO ID 
is part of the HYDRO Suite, a computational tool designed to assist hydraulic modelers
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in the analysis of flow in one, two and three dimensions. Initially was developed, by 
Mott McDonald Group, as three different software products: HYDRO-ID, HYDR0-2D 
and HYDR0-3D. The broad capabilities of HYDR0-3D put HYDR0-2D out of use in 
1998. Now the wide range of flow possibilities for a modeler can be solved efficiently 
with the combination of HYDRO-1D and HYDRO-3D.
HYDRO-ID is a computational fluid dynamic model developed by Mott McDonald 
Group to provide hydraulic information about steady and unsteady flow conditions in 
canals and other open channel systems. The model is based on Preissmann’s four-point 
implicit finite difference solution of the Saint Venant equation. The full de Saint Venant 
equation is applied to channel reaches, but flood plains can be either included as an 
integral part of the channel system or represented as separated storage cells. Flow 
between storage cells is represented by either structural or channel hydraulic equations. 
This hydraulic mathematical model is coupled with a graphical database management 
and visual display system. The ability to use large time steps, irregular reach lengths and 
cross sections, a wide range of different hydraulic structures as well as flexible 
boundary conditions and automatic internal referencing systems makes the model an 
extremely versatile design tool (Guganesharajah, 2004).
The model was tested by checking its stability for the main stream and for different 
network arrangements in order to choose the ideal one to preserve residuals of runs on 
stability form when including main stream, weirs and storage cells. The network is 
subject to refinement but allows diverting water along the river before Chairel inlet, 
which is targeted for this modelling scheme.
3,3.4 Model Calibration
Calibration is the process of modifying the input parameters to a hydraulic model until 
the output from the model matches on observed set of data within acceptable criteria. To 
make a representative picture of field conditions the site must be properly characterized. 
Due to this, it is important to get a dataset properly collected and in the case of Chairel 
Lagoon this research uses the dataset provided by the Mexican Water Management 
Agency in charge of this activity by means of a set of staffs along the river course and 
some important water bodies within the Tamesi River Lagoon System. These values 
permit hydraulic system evaluation when contrasting against the Area Volumes Curves 
for the Tamesi River Lagoon System and Chairel Lagoon.
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The calibration will be performed comparing the obtained model results with the 
aforementioned field data. For both, River Tamesi and Chairel Lagoon CONAGUA has 
given data in different points with different periods of collection. Along the river the 
points are staffs in Los Tomates (2000-2002), Salsipuedes (2000-2002), Tomolargo 
(2000-2002), Cruz Grande (1986-2003) and Cruz Chica (1986-2003). For Chairel 
Lagoon a staff exists on site with records from 1954 to 2003.
3.3,5 Analysis of Sensitivity
In the verification process is intended to ensure that the model does what is intended to 
do and its processes for checking usually reviews the model construction in a modular 
way or by top down design. The sensitivity analysis is one of the available techniques 
for verification.
For this research a sensitivity analysis to the one dimensional model of the Tamesi 
River is applied. The Manning roughness coefficient is set at 0.035 as is in normal 
conditions and an increased value of 0.05 to simulate vegetation effects on channel’s 
hydraulics is analyzed.
Manning coefficient is used in sensitivity analysis because the resistance coefficient of 
channels is the theoretical parameter more relevant to flow behaviour in open channels. 
It does regulate velocity due to gravity. Therefore is reflected in results of discharge and 
water level.
3.3.6Design Runs
The runs are designed in order to know the water level and discharge values along the 
river in order to know the available water quantity throughout the most relevant 
scenarios for water resources sustainability. There are some relevant scenarios that 
required particular research related to its impact on the water supply in Chairel: 
flooding, climate change, urban growth and water quality issues in terms of nitrates and 
salinity concentration.
For this research, the study of the natural conditions in hydraulic terms, the runs will be 
designed relating the associated aforementioned scenario to the runoff conditions for a 
particular set of time established. Setting up a three years running model (2000-2002), 
cases will be selected on a monthly basis to analyze a base case of one year operation, a
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maximum flow case, a minimum flow case, and a Climate Change case. The water 
quality scenario will be described in a different section as a surveillance tool for 
reservoir management. The base case corresponds to 2002 runs and is depicted in four 
months, representative of a seasonal variation.
The most extreme flooding event for River Tamesi occurred in 1976. Since cyclones are 
a periodically matter of concern and its affectations have had enormous consequences in 
economic and social losses. The most extreme flooding as a result of a combination 
succession of these events was the Hilda cyclone in September-October 1954. As a 
month for a maximum flow case scenario, September 2000 has been selected.
Urban growth is a very important issue in the middle term because is not only the direct 
impact of this in the demand management, which mainly affects the system 
quantitatively but in its quality due to the planning of urban growth and discharge 
location. The pressure over water resource upstream in the sugar cane zone in the 
middle part of Guayalejo catchment is an impact of concern for the local sustainability. 
The dry season runs is represented here by the analysis of May 2002.
Climate Change is affecting already some Mexican regions like Valle de Mexico. The 
affectation is visible throughout a change in the spatial pattern of occurrence. The same 
volume of precipitation is occurring but place and time are changing and urban planning 
must considered this from now onwards. Tampico and Madero zone apparently are 
covered in quantity because of Tamesi River Lagoon System abundance is next to the 
city but recent studies over the zone warn about seasonal changes in local precipitation 
patterns. A climate change scenario based on the variations found by Adame (2003) for 
a double CO2  concentration has been applied to the base case in this research.
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CHAPTER 4 
CHARACTERIZATION OF STUDY AREA
4.1 Introduction
The characterization of study area described in this chapter is made in the context of the 
following water management aspects: environmental, social and economic. The 
environmental aspect describes the hydrology of Chairel Lagoon. The social aspect 
considers the population in South Tamaulipas, encircling Tampico, Madero and 
Altamira, and its pressure on the River Tamesi Lagoon System. The economic aspect 
describes the main activities within the region. However, another issue is added to 
consider published works about Climate Change in the Guayalejo-Tamesi river sub­
catchment, in order to understand the proposed scenario modeling in this work. The 
final section describes the current efforts directed at achieving sustainability for the 
River Tamesi Lagoon System.
4.2 Characterization of River Tamesi Lagoon System and Surrounding Area.
This section is focus on the hydrology for River Tamesi Lagoon System. This section 
describes catchment characteristics and its water cycle components as: precipitation, 
evaporation, flow, and water storage within the system. Some physical parameters are 
included as temperature and topography. Population, water demand, and water supply 
infrastructure in South Tamaulipas are considered as well.
4.2.1 Hydrology
Tamesi River and Lagoon System Flow Gauging
The Mexican National Water Council (CONAGUA) is responsible for the hydrological 
monitoring of water bodies in Mexico. In the case of the wetlands and lagoon system 
associated with the River Tamesi, there are no gauging stations. The only gauging 
stations are located on the River Tamesi before entering the wetlands and lagoons. The 
two gauging stations considered in the data collection for this hydrological study are 
Magiscatzin and Tamesi (Figure 4.1).
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Figure 4.1 CONAGUA Gauge Stations
Magiscatzin gauging station is taken as the principal one to define available flow in the 
River Tamesi, because records obtained at Tamesi gauging station are influenced by 
lagoon system impoundment. There is however a third CONAGUA gauging station, 
named Jopoy, established for recording water quality parameters (Figure 4.1).
The annual average flow recorded at Magiscatzin entering the Lagoon System for the 
period 1974 to 1998 was 69.90m^/s. The maximum run off percentage occurs in July 
with 24.46% of the annual value. The lowest value occurs in April with 1.57% of the 
annual run off value (Figure 4.2).
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Figure 4.2 Annual Average Flow recorded at Magiscatzin (CONAGUA, 1998)
The annual average flow recorded at Tamesi entering into the Lagoon System for the 
period 1974 to 1998 is 67.20m^/s. The maximum run off percentage occurs in 
September with 24.92% of the annual value. The lowest value occurs in April with 
1.02% of annual run off value (Figure 4.3). Overall there is reasonable agreement 
between the graphs for each gauging station. It is observable a difference in June, July, 
August and September between the values of the two gauge extensions due to difficulty 
in flow recording due to eventual lack of current velocity.
74
PhD Thesis Juan Carlos Gomez-Rivera
30.00
25.00
20.00
15.00
10.00
TAMESI GAUGE STATION
# 0
n 1
11
1
M onth
10 11 12
O Flow
Figure 4.3 Annual Average Flow recorded at Tamesi (CONAGUA, 1998)
Lagoon System Water Storage
The Tamesi River Lagoon System is under CONAGUA surveillance by means of its 
Area-Volume Curve. The capacity of the system estimated at 950 Mm^ is reached at a 
maximum elevation of 1.6m amsl. At this same elevation the water surface area is 500 
Mm^ (Figure 4.4).
Although there are no flow gauging stations within the Lagoon Zone of the river 
system, CONAGUA has installed staffs for water level measurement at six different 
points along the River Tamesi down to the Chairel Lagoon. These staffs are at the 
following locations: Tomates, Salsipuedes, Tomo Largo, Cruz Grande and Cruz Chica 
(Figure 4.5). Monitoring the levels should allow a general appreciation of hydraulic 
behaviour of the lagoon systems for flooding or dry scenarios, but this requires regular 
inspections and manual recording. Cruz Grande and Cruz Chica were set up as staff 
points for levelling record in 1987. However, Tomates, Salsipuedes and Tomolargo 
were considered by the authorities for data collection only during the period 2 0 0 0 -2 0 0 2 . 
The available hydrological monitoring data for the lower part of the river end lagoon 
system is thus extremely limited.
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Figure 4.4 Area-Volume Curves of Tamesi River Lagoon System (Sanchez, 1996)
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Figure 4.5 Water Level Control Points within Tamesi River Lagoon System
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For the particular case of lagoons only Champayan and Chairel have installed staffs for 
level recording. The interest in monitoring only these two lagoons of the system is due 
to their direct importance as water supply sources for the region. Champayan supplies 
Altamira’s water needs, whilst Chairel attends the demand in the cities of Tampico and 
Madero. The available data for analysis given by CONAGUA to the author for this 
research for Champayan covers the period 1994 to 2002. The data made available data 
for the Chairel lagoon was from 1966 to 2003, this was the longest period recorded by 
CONAGUA within the lagoon system.
The available information Area-Volume Curve for the Chairel Lagoon, allowed the 
analysis of changes through the time. The lagoon was isolated by the construction of a 
dyke system in the mid-1950s in order to protect it from saline intrusion. The Chairel 
Lagoon Area-Volume Curve from 1966 shows that by reaching 0.70m in elevation, with 
a water surface area of 13 Km^, the system was able to store 13 Mm^.
Loss of water surface area at the site in the following decades is visible through the 
Chairel Lagoon Area-Volume Curve for 1993. This curve describes a system with a 
water surface of 2 km at Im elevation, and a storage capacity of 3.25 Mm^ (Figure 4.6).
In 1995, a restoration programme was carried out. As a consequence, the rescue of the 
Chairel Lagoon was possible creating a reservoir made up of three different water 
bodies within its borders. The outgoing Chairel Lagoon Area-Volume Curve has been 
under annual maintenance from 1995 onwards in order to keep the values of 11.5 Mm^ 
and 7 km^ at 1.5m elevation (Figure 4.7).
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Figure 4.6 Area-Volume Curves of Chairel Lagoon in 1993 (Sanchez, 1996)
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Figure 4.7 Area-Volume Curves of Chairel Lagoon in 1995 (Sanchez, 1996)
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Climate
According to Koppen’s Climate Classification, modified by E. Garcia in 1964, in order 
to make it suitable for the particular Mexican conditions, the Tampico zone is included 
within the group A w q  (e). Aw is a Tropical Wet and Dry climate. This climate has an 
extended dry season with summer rainfall. Precipitation during the wettest month is < 
60 mm, winter rainfall occurs as between 5 and 10.2 percent of annual rainfall. The 
group Awo is the driest of those climates included in this group with rainfall in the 
summer. The index (e) indicates extreme with annual oscillation of average mean 
temperatures between 7°C and 14°C (Secretaria de Gobemacion, 1970).
The average temperature is 24.6°C. The average monthly temperature, in a 40 years 
period (1960-1999), indicates 18.5°C in January as the lowest month and 28.5°C in 
August as the highest month (Figure 4.8). Extreme values for the zone are -1.5°C, the 
lowest in December 1989, and 43.5°C, the highest, recorded in May 1999 (Figure 4.8).
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Figure 4.8 Annual Average Temperatures in Tampico (CONAGUA, 1999)
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Figure 4.9 Annual Evaporation rates for Tampico (CONAGUA, 1999)
The annual average evaporation value for Tampico is 1,451.80mm. The highest 
evaporation values are placed in the months of May and June with 11.35% and 11.32% 
of annual evaporation values respectively. The minimum value is given in January and 
December with 4.88% and 4.89% of annual evaporation respectively (Figure 4.9). The 
average value for annual rainfall is 1,150.60mm. The highest precipitation value is 
placed in September with 23.94% of annual precipitation and the driest month is March 
with 1.39% of annual precipitation value (Figure 4.10).
Winds maintain an average velocity of 3 m/s between March and September. From 
October to February the North Winds are more common with a velocity between 3.07 
and 6.13m/s. The frequency of North Wind events in the zone establishes a value above 
30 events in a year. The velocity of these winds is on average 50 km/h, and sometimes 
reaches 90km/h (CONAGUA, 2003).
Two different kinds of air masses alternate in the region, Tropical and Polar. Besides, 
Tampico is located within the zone of influence of the cyclone events in summer 
between July and October. These phenomena have affected the region; the most 
remarkable case was Hurricane “Hilda” which hits Tampico in 1955 with catastrophic 
intensity translated into a massive flood. In 1988 Hurricane “Gilberto” generated winds 
that reached 278kph in velocity (Municipality of Tampico, 2004).
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Figure 4.10 Annual Rainfall rates for Tampico (CONAGUA, 1999)
Topography
The Chairel Lagoon area is part of a plain with a slight slope towards the coastline. The 
topography has little difference in elevations. However there are two hills (near to the 
lagoon zone) from 8  to 1 0  m amsl, the rest of the adjacent terrain to the lagoon system is 
of the same elevation. Figure 4.11 shows lagoon system contour lines.
The Plains and Hills sub-province is located to the South of the Tampico-Misantla 
Sedimentary Catchment. The highest region within this sub province is called 
Monterrey at 538 metres above sea level. From the Monterrey region the elevation 
descends gradually southwards and eastwards, heading inside Tamaulipas state towards 
sea level (CFE, 1993). The Plains and Hills sub province extends over most of the 
Panuco River Basin downstream area. In this zone, alluvial plains and salt ponds are 
predominant. There are also permanent lagoons like Champayan, Tortuga, Chairel, and 
La Herradura. In the zone it is also possible to find non-flooding plains associated with 
the hills. In general, the zone is a coastal plain leaning eastwards. There are numerous 
shoals, coastal lagoons and coastal dune formations along the coastline. Slightly sloping 
hills and hollows in the lagoons area are representative of this region.
From Tampico a hill range within a strip from 3 to 4 km wide heads north from the 
lagoon system and the marshes zone. The maximum height for these hills is 35 m amsl
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and they are composed of ancient sediments. In this strip areas are allocated for new 
settlements for future urban development.
To the South of Tampico there is another hill range 12.5 km long and 50 metres height 
on average. The maximum elevation is 80 m amsl. The urban zone of Tampico, Madero 
and Altamira is located between coordinates 22° 20’ South, 22° 12’ North, 97° 50’ East 
and 98° 00’ West. The city is at an average elevation of 10 m amsl. The variation in hill 
heights range from 30 m amsl in colonia obrera, 25 m amsl in suburbs like Campbell, 
Aguila, Altavista and Sierra Morena and reaches 10 m amsl in the low lands of the left 
bank of the Panuco River.
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Figure 4.11 Tamesi River Lagoon System contour lines generated in Arc View 3.2 using data taken
from SARH (1981)
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4.2.2 Population
Tampico, Madero and Altamira are the most important cities in the Southern region of 
Tamaulipas, a Mexican State adjacent to the south-west coast of the Gulf of Mexico. 
Tampico and Madero are twin cities located adjacent to the confluence of River Tamesi, 
River Panuco which discharges into the Gulf of Mexico.
The three cities are supplied by water from the Tamesi River Lagoon System. In the 
case of Tampico and Madero the water supply source is the Chairel Lagoon, whilst 
Champayan Lagoon supplies Altamira. The number of inhabitants in the zone was 
647,764 in the last demographic survey published by INEGI (2007), out of which 
299,952 live in Tampico, 188,246 in Madero and 159,566 in Altamira.
The Chairel Lagoon supplies water to 100% of population of Tampico and Madero’s 
urban zones. Altamira’s population is 82.5% urban population and 17.5% live in rural 
areas (CEDES, 2001). The figures that follow will focus on Tampico and Madero only 
because these are the localities supplied by the Chairel Lagoon. Altamira is mentioned 
here, for completeness, as a city supplied from the Tamesi River Lagoon System.
In the national context of Mexico, mortality and birth rates have been decreasing in 
recent decades. Tampico and Madero are reported to be following the same trend, 
decreasing from 26.09 births per 1,000 inhabitants in 1990 to 20.50 in 2000. In the case 
of mortality rates a reduction is perceived as well, from 4.52 deaths per 1,000 
inhabitants to 4.16 in 2000 (CEDES, 2001).
Migration in the zone comes mainly from bordering states and some from distant major 
cities like Mexico DF. By 2000, accumulated migration reached a number of 227,698 
inhabitants coming from other states. Most of the migrants (117,621) living in Tampico, 
Madero and Altamira come from the states of Veracruz and San Luis Potosi. From 
Mexico DF are 10,613 inhabitants, 4,832 from Nuevo Leon and 3,577 Hidalgo 
(CEDES, 2001).
Population future scenarios for the three cities have been calculated for the Mexican 
Population National Commission (CONAPO, 2009) with a projection until 2030 (Table 
4.1). It is important to point out a theoretical reduction in population for Tampico and 
the displacement of population northwards, due to expected economic growth in 
Altamira.
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Table 4.1 Tampico Population Projection (CONAPO, 2009)
City #*2005% 2 01 0* 2015 2020 2025 2030
Altamira * 161 346 192 768 223 136 252 214 279 601 304 529
Ciudad Madero 194 617 198 605 200  638 201 426 201 013 199 194
Tam pico 307 450 305 906 301 945 296 711 290 344 282  601
Total 6 6 3  4 1 3 6 9 7  2 7 9 ,» v 7 2 5  7 1 9
#  *
7 5 0  351 7 7 0  9 5 8 7 8 6  3 2 4
4.2.3 Water Demand
The water use into the system is divided into three main uses: drinking water, industrial 
and agricultural use. For drinking water, 85,557,168 m^/year are abstracted from 
Chairel, Tancol, Champayan, and La Puerta lagoons. For industrial use, 83,002,752 
m^/year are abstracted from Chairel, Champayan, Tamesi, La Puerta, Tancol and La 
Tortuga lagoons. For agricultural purposes the abstracted volume is 3,595,104, m^/year 
mainly from the Tamesi River (Table 4.2).
Table 4.2 Tamesi River Lagoon System Water Withdrawal (Sanchez, 1996)
TAMESI RIVER LAGOON SYSTEM W ATER  
W ITHDRAW AL
USAGE
DEMAND
ANNUAL
VOLUME
DAILY
VOLUME
FLOW
m^/s
DOMESTIC 85,557,168 234,403 2.71
«INDUSTRIAL 83,002,752 227,405 2.63
AGRICULTURAL 3,595,104 9,850 0.11
TOTALS 172,155,024 471,658 5.45
The local water management company has reported recently limited availability 
regarding the current Chairel Reservoir capacity. This reservoir capacity is insufficient 
to supply the growing demand of the petrochemical industry in the zone. Excessive 
demand carries a high risk of affecting the sources due to saline intrusion. Additionally 
a spillage was reported in Camalote dyke, which spillages fresh water at a rate of 26 
m^/sec. Eutrophication and siltation are reported as the main features of annual 
maintenance on the site (COMAPA, 2006).
Currently, water demand for the zone (Tampico, Madero and Altamira) is estimated at 
3,100 litres per second. The city with the biggest problem for supply is Altamira, 
particularly in its rural area and worker neighbourhoods on the outskirts. In these places.
84
PhD Thesis___________________________________________________________ Juan Carlos Gomez-Rivera
the problem is solved by means of communal taps and water tankers provided by the 
Municipality. COMAPA supports this program with free water for this sector of the 
city. The existing facilities permit the treatment and supply of water in to the network at 
up to 3,500 litres per second. The population which is receiving this service has 24 
hours supply.
The COMAPA water forecast demand for 2025, estimates 118.5 Mm^/year for domestic 
use, 208.1 Mm^/year for industrial use, and a total of 326.6 Mm^/year. The estimated 
availability is 16,020 MmVyear (CEDES, 2001).
4.2.4 Water Supply Infrastructure
Regarding its location near to the sea, the Tamesi River Lagoon System was influenced 
by saline intrusion from the Panuco River in the past. Fifty years ago, the abstraction 
point for drinking water purposes in the region was located upstream, in the Tancol 
Lagoon but a set of dykes was constructed in order to isolate the lagoon downstream 
from the challenge of salinity intrusion.
The outcome of these works, mentioned above, is the current Chairel Lagoon, which is 
a reservoir. This allowed the abstraction point and the water treatment facilities to be 
moved southwards to a more economical site in terms of operation of a distribution 
network for the city. The water supply coverage from Chairel includes both cities, 
Tampico and Madero.
The management of the Chairel Reservoir is carried out by the Municipality in terms of 
dredging, water levels and eutrophication control, the local water company for water 
quality issues, and CONAGUA as a regulatory organisation.
The Municipal Potable Water & Sewerage Commission (COMAPA) is the organisation 
which provides the water supply service to the zone and Panuco River effluent 
discharge in Tamaulipas State. The Comission is managed by an Administrative Board 
comprised of municipal presidents, a state government representative, another from 
CONAGUA and representatives from commercial organisations in the zone 
(CANACINTRA).
In 2000 the zone had 197,691 inhabited houses; from this a total of 87.8% had drinking 
water service. This figure is positive in comparison with the national average of 84.3%.
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In Tampico and Madero 97.3% and 94.5% respectively of houses have a potable water 
service. Altamira has 81.8% only, which is 6 % below the national average.
In August 2001 159,769 water supply system users were registered. These users were 
distributed as follows: 68,605 in Tampico, 68,567 in Madero and 22,597 in Altamira. 
From the total number reported, 106,336 (66.5%) users have water meters, of which 
73,102 (68.7%) were working; the remaining 33,234 water meters (31.3%) installed are 
working in an improper way giving inaccurate measurements. The defective water 
meters are located as follows: 14,529 (43.7%) in Tampico, 15,285 (46.0%) in Madero 
and 3,420 (10.3%) in Altamira (CEDES, 2001).
The applicable tariff for users without a water meter is based on average consumption. 
For the working class the calculated average consumption rate is 20 m^ and the charge 
is $27.38, for social service it is 25 m  ^ and the charge is $51.10, and 30 m  ^ for 
residential, commercial and industrial, whose tariffs are $61.32, $159.18 (plus IVA), 
and $206.22 (plus IVA), respectively. The tariffs include the wastewater service.
The lagoon water entering from the system is transported to the pumping stations and 
from here to five water treatment plants located at different points within the zone. 
From these plants, most of the supply is pumped to the general network; only 20% 
reaches the houses by gravity. In addition, four re-pumping stations exist which have 
surface storage tanks. From these tanks water is sent to the distribution network as well.
The water treatment plants use the conventional treatment system. The conventional 
system consists of flocculation-sedimentation-filtration, pre and post chlorination. The 
water is treated within the established norm for this purpose.
It is important to denote that COMAPA is self-sufficient. Its financial situation allows it 
an adequate operation, but there are not sufficient surpluses for major new capital 
investment programmes. According to COMAPA, the most important problems to face 
in the near future for management are:
1. - Water Levels Lagoon System Maintenance due to decline of water level for supply 
during dry season.
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2.- To enhance water infrastructure by the construction of: more surface storage tanks at 
the existing water treatment plants; more pipelines and water distribution networks; and 
the increasing of pumping equipment.
3. - To reach a 100% coverage of users with water meters working properly.
The required investments to guarantee water supply are related to the following 
projects:
1. - Construction of Tamesi Dam. Elevation of current dykes as needed, and 
construction of new dykes and other alternate works like channels to discharge 
extraordinary flow. The expected investment is $500 million.
2. - Enhancing the Laguna de la Puerta water treatment plant to supply the three cities: 
Tampico, Altamira and Madero. Once this plant is finished production would move 
from 1,000 LPS. to 1,500 LPS of treated water. The expected investment is $60 million.
3. - Construction of a pipeline and a surface tank in the northern zone. This works is 
intended to satisfy the demand in the northern zone of Tampico and Madero, the tourist 
zone and new developments for the working class. The expected investment is $45 
million.
4. - Acquisition of more water meters up to 85,000 to be installed in new locations and 
to substitute 33,234 of water meters working improperly. The price of each water meter 
is $25 dollars.
4.3 Future Scenarios for Climate Change in Guayalejo-Tamesi River Basin
The Water Cycle is directly linked to atmospheric temperature changes and therefore an 
increasing cause of concern in future climate scenarios. The Intergovernmental Panel on 
Climate Change (IPCC) has predicted different global scenarios by the employment of 
different climate models. Depending on the scenario or the model employed the 
prediction of average global temperature rise varies from 2.4°C to 6.4°C by 2099.
In order to establish a state of the art and to predict future scenarios for climate change 
in Mexico, following the US Country Studies Program, a study for Mexico (Gay, 2000) 
was prepared and presented by the Intergovernmental Panel on Climate Change (IPCC). 
This study focuses in three main areas: a national greenhouse gas inventory, climate
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change scenarios, and vulnerability evaluation of climate change for different fields like 
industry and energy, human settlements, agriculture, water and natural resources.
The Mexican National Greenhouse Gas Inventory describes atmospheric composition 
as: carbon dioxide 74%, methane 23%, nitrous oxide 2%, and the remaining 1% are 
compounded by sulphur hexafiuoride, per fiuorocarbon and hydro fiuorocarbon (CICC, 
2006).
For the generation of climate change the country was divided into 18 regions and two 
different models of general circulation were employed: GFDL-R30 from the Laboratory 
of Geophysics and Fluid Dynamics of Princeton, and CGC fi'om the Canadian Climate 
Centre. A third model, MTC, was generated by National Centre for Atmospheric 
Research in Boulder was employed in the determination of the Mexican Case.
The results of the Country Study were insufficient in their spatial and temporal 
resolution to make an assessment at sub catchment level. Consequently Adame (2003) 
developed multiple regression equations in order to determined scenarios for 
temperature and precipitation for a doubling in concentration of CO2  in the atmosphere, 
on a seasonal basis, in the eight basin regions identified for the Guayalej o-Tamesi River 
Basins and to calculate its impacts on regional water availability.
According to the aforementioned study (Adame, 2003), considering a doubling in 
concentration of carbon dioxide over Guayalej o-Tamesi catchment, the main change in 
climate will be a 9.49% reduction o f precipitation in summer due to a 1.46°C rise in 
temperature. However, precipitation will increase by 15% in winter. Therefore, the 
annual scenario will be an overall increase in rainfall.
In order to evaluate the effect on the population, a water balance based on these results 
was calculated in the same study. The results showed that annual studies do not reflect 
the water seasonal availability. It was pointed out by Adame that ^"conservation o f  
current rainfall and flow would contribute to improve the annual water availability by 
47%). The 2 CO2 condition by 2075 would increase annual availability only 7%, i f  it is 
compared with a similar scenario by 2100”.
Other conclusions of the study were that ""the seasonal sensitivity in water use, caused 
by a temperature increase, generates an annual balance with a decrease in the 
available volumes by 14%o. The possible growth in the industrial water use is only l%o
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annual, although with problems in spring and winter. Finally, the water supply would 
be reduced from 380 to 235 l/inhabitant/day”. In summary it was concluded that the 
principal adverse climate change affecting the river basin will take place during the 
summer season.
In terms of water resources vulnerability the Panuco River Basin, which includes the 
Tamesi River sub catchment, presents low vulnerability under the current weather 
scenario, but in the simulation for future scenarios using three different models 
(Mendoza, 2004): GFDL-R30, CGC and MTC, the results change from non­
vulnerability (GFDL-30) to high vulnerability (CCC and MTC).
4.4 Sustainability in Chairel
Sustainability in the Tamesi River Lagoon System is focused on the local water 
management viewpoint as an abundant resource under pressure of pollution due to 
socioeconomic growth in the region (CONAGUA, 2004). However, the different water 
needs of people makes the problem more complex. The Mexican Water Agency 
(CONAGUA) has developed an Integrated Management Programme for Tamesi River 
Lagoon System which intends to cope with the sustainable exploitation of the resource, 
by involving participation with local users, managers, and academic institutions to 
establish the primary goals and ways.
CONAGUA organized and coordinated the formation of the Tamesi River Lagoon 
System Specialized Workgroup (CONAGUA, 2004). This workgroup includes the 
different sectors involved in water use and management in the zone: community, 
industry, fishing, agriculture, NGO’s, Government at its three levels (local, state and 
federal), and international. The Tamesi River Lagoon System Specialized Workgroup 
established a Conceptual Framework for Water Resource Management in the zone. This 
group use for design the ZOOP Methodology. ZOOP (Objectives Oriented Project 
Planning) is a planning instrument designed by Deutsche Gesellschaft fur Technische 
Zusammenarbeit (GTZ) GmbH.
The ZOOP Methodology applied follows the following ten steps: Problem Tree, 
Objective Tree, Participants Analysis, Program, General Program Main Goal, Particular 
Program Goals, Actions, Programme Planning Matrix, Project Operation Planning, and
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Programme Operation Structure. These steps define the goals design, situation analysis 
and the programme design process along with its implementation and operation.
Six Main Programs were established as an outcome of this multidisciplinary exercise:
• Lagoon system sanitation
• Water infrastructure
• Rehabilitation and conservation
• Real inter-institutional coordination
• Efficient water use
• Lagoon system environmental management
Each program has its own lines of action composed of the required number of specific 
projects to achieve the proposed goals.
The projects identified as high priorities are three, belonging to two different main 
programs: lagoon system ecological spatial planning, a project that belongs to lagoon 
system sanitation program and from water infrastructure rehabilitation and conservation 
two projects are pointed out as very significant: dykes rehabilitation and strategic 
dredging programs within the lagoon system.
This is an ongoing process supported by CONAGUA and the Government of 
Tamaulipas. Currently inter-institutional participation is being negotiated in order to 
assign the right works and times for the different goals established in the Project 
Planning Matrix. The next step will be to establish inter-institutional coordination 
mechanisms for projects operation, surveillance and evaluation. Once this is achieved, 
institutional annual operative projects must be made in order to perform the necessary 
adjustments in activities and resources for the conclusion of the particular projects 
within the Programme Planning Matrix.
The common fears expressed by the planning process participants in a sustainable 
programme and its development are:
• Lack of water for continuous production for industrial sector and companies like 
CFE and PEMEX (Light and Oil Production),
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• Lack of continuity in policy action by local authorities due to nature of Mexican 
public administration,
• Lack of adequate funding for academic institutions and state managers.
This exercise is a very complete and exhaustive diagnosis of current affairs in the 
lagoon system. However, considering sustainable development as a main goal, this 
water management plan still lacking of a solid theoretical background within 
sustainability theories and works over practical lines of development. This action lines 
responds to an immediate necessity of efficiency according to the currently detected 
needs. A theoretical framework considering a holistic view is needed for 
complementary purposes in order to understand actions delimited within the program 
and to follow a pathway for surveillance and evaluation through the time.
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CHAPTER 5 
RIVER TAMEST MODELLING
5.1 Introduction
This chapter relates the River Tamesi mainstream design and simulation. This flow 
routing simulation made by HYDRO ID provides the value of water level and discharge 
along the river and, particularly, in the entrance of Chairel Lagoon. A preliminary 
section describing the data collection performed in order to model the main river 
channel is considered. The river simulation is presented along with its calibration in five 
different points along the mainstream and validated with a sensitivity analysis of its 
channel roughness.
5.2 Data Collection
It was required to collect data from field in order to know the river profile along the 110 
km length from the lagoon system entrance until Chairel lagoon inlet. The hydraulic 
sections were taken every 2 km and contrasted with data provided by CONAGUA.
5.2.1 River Tamesi Cross Sections
In order to be able to simulate the hydrodynamic of River Tamesi is necessary to 
identify the channel geometry for River Tamesi within its course through the Lagoon 
System near Tampico, Mexico and compare official data with collected data in order to 
select a dataset of calibrated values for computing simulation. The data collection was 
carried out employing a GPS 76 Garmin with a focus range of 0.90-4.50 m. and a video 
sounder Foruno mod. FMV-605 (Figure 5.1).
The sections were planned to be taken every two kilometres regarding the available 
resources. The maximum reached length was the CNA scale in Los Tomates, which is 
located in the middle of the lagoon system. The locations of river sections were adapted 
in a way to cover the other three main CNA scales in Cruz Grande, Tomolargo, and 
Salsipuedes. The measurement campaign was carried out in a single day (Wednesday 
28* November 2007) covering 47 kilometres of river length and collecting 25 river 
sections (Figure 5.2).
92
PhD Thesis Juan Carlos Gomez-Rivera
Figure 5.1 Video sounder employed during measurement campaign
TAMESI RIVER LAGOON SYSTEM
CONAGUA SCALES 
*^
 Cruz Grande
B) Tom ola rgo
C) Sa ls ipuedes
D) L os  Tom ates
River Length = 100 Km
m
Figure 5.2 River Tamesi sections location
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The section coordinate was selected by Google Earth and programmed in the GPS once 
this marked the right position the boat was set to sail in a perpendicular axis to the river 
in order to take five different measures along the river width in each particular section 
location.
A relevant data to collect in the campaign was to check the difference of level among 
the different CONAGUA staff scales along the river. CONAGUA staff scales are 
located at four different points: Cruz Grande, Tomolargo, Salsipuedes and Los Tomates.
It is important to remark that the CONAGUA monitoring points for water level along 
the River Tamesi are located at section 7 (Cmz Grande), section 24 (Tomolargo), 
section 30 (Salsipuedes) and section 47 (Los Tomates). The different levels recorded 
from downstream to upstream were: 1.25m Cmz Grande, 1.52m Tomolargo, 1.62m at 
Salsipuedes, 1.56m at Los Tomates.
Official data was provided for CONAGUA regarding the hydraulic sections in Rivers 
Guayalejo and Tamesi. For River Guayalejo hydraulic sections were provided along 
102.30 km. from Magiscatzin to the confluence with River Tantoan (44 sections 
separated each 2 km. approximately). For River Tamesi 60 sections were provided 
along 111.80 km, from Tamesi gauge station until reach the confluence with River 
Panuco.
5.2.2 Data Collected
River Tamesi Cross Sections: Reviewing this dataset is possible to know that the bottom 
level in the river is not a gentle slope. The slope changes from positive to negative in the 
meandering zone many times (Figure 5.3).
Within the lagoon system is possible to define three different sectors of the river 
depending on its depth. The first one is the downstream part near Chairel Lagoon, which 
varies from 1.78 m until 6.20 m depth. This is the portion of river between Tomolargo 
staff scale and River Panuco. The second one goes from Tomolargo staff scale until Los 
Tomates staff scale and varies 6.20 to 9.89 m depth. And the third one goes from Los 
Tomates until the beginning of the lagoon system upstream and reach depths of 12.87.
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Figure 5.3 River Tamesi Profile (Bottom and Water Levels)
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Figure 5.4 River Tamesi Profile (Bottom and Water Levels)
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The depths taken during the field work in November are similar to the data provided by 
CONAGUA. In figure 5.4 it is shown the measured depth in eomparison with the 
CONAGUA data for five stations: Tomates (1), Salsipuedes (2), Tomolargo (3), Cmz 
Grande (4) and Cmz Chiea (5). The water levels reeorded for CONAGUA staffs on 
field refleeted a ehange in the value of the river slope between Los Tomates and 
Salsipuedes. Due to major eoverage CONAGUA dataset was used for eonstmeting the 
model network.
5.3 River Modelling
The River Tamesi is modelled using weirs draining flow into storage eells in order to 
simulate the different lagoons that eompound the system. The network has been ereated 
and solved for its hydraulies using HYDRO ID. The simulations are foeused in two 
parameters: water levels and diseharge. The model ealibration has been made in the 
same loeations that water level data has been eolleeted along the river. Analysis of 
sensitivity has been performed.
5,3A Model Construction
The one dimensional network made to simulate the River Tamesi was ereated in Hydro 
ID using the main stream eross seetions available from Tamesi gauge station until the 
inlet ehannel of Chairel Lagoon (Figure 5.5).
The network eonsiders a main stream whieh simulates the eourse of River Tamesi 
within the lagoon system. A seeond stream in the beginning of the system is depieted 
from Jopoy to Quintero Lagoon. A set of storage eells is used to simulate the lagoons of 
the system eonneeted by weirs among them and with the main stream network.
The main network eonsists of 553 nodes and 552 elements. The main stream eovers 
from the entranee of the lagoon system at Jopoy site and follows downstream until the 
Corona and Baeante ehannels in the Chairel reservoir. The peripheral stream around La 
Eseondida is not eonsidered in the network based on the negligible results for velocity 
values collected on site, instead of this, the peripheral stream is considered as a part of 
the lagoon area. According to this assumption is possible to follow the main stream on 
its eourse at the west side of this lagoon until reaches the west inlets of Chairel 
Reservoir. The secondary stream from Jopoy to Quintero eonsists of 70 nodes (686-616) 
and 70 elements (615-685).
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Figure 5.5 Model Network for Tamesi River Lagoon System
A set of 14 storage cells are placed to simulate the lagoons of the system and are 
interconnected among them and with the main stream with a network of weirs. The 
lagoons represented are in the following nodes: Las Pintas (800), Jopoy (810), Quintero 
(820), La Tortuga (830), Yaqui (840), Mayorazgo (840), Camalote (860), La Salada 
(870), La Alameda (880), La Toquilla (890), La Puente (900), Josecito (910), 
Champayan (920), Corozo (930), La Puerta (940) and La Eseondida (950).
The inflow point is set at node 1 and two out of three boundary nodes eonsidered are 
placed in the end of the inlet reservoir ehannels, whilst the third one is set at the end of 
the Jopoy stream at the Quintero Lagoon.
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5.3.2 Simulation and Results
The one dimensional model of the River Tamesi on its eourse through the lagoon 
system in the eatehment downstream simulates water levels and diseharge for the period 
of January 2000 up to December 2002, using monthly time periods with a time step size 
of 0.25, whieh represents 15 minutes time.
The hydraulic input data used for this simulation is average flow data values reeorded at 
Magiscatzin gauge station (Figure 5.6). The dataset correspond to the eonsidered period 
of simulation. The lagoon system average flow for 2000 is 99.78 m^/see. The minimum 
flow value is 4.93 m^/see reeorded in April and the maximum flow value is 99.78 
m^/see reeorded in October. For 2001, the average flow value is 41.83 m^/see. The 
minimum flow value is 16.09 m^/see reeorded in April and the maximum flow value is 
187.46 mVsee reeorded in September. For 2002 is 45.11 mVsee. The minimum flow 
value is 2.96 m^/see reeorded in May and the maximum flow value is 139.80 m^/see 
reeorded in July.
The water levels values obtained by monthly simulation in the River Tamesi during the 
period 2000-2002 show a range between 1.70 and 0.2m.a.s.l (Figures 5.7-5.12). The 
values for diseharge during the period show a range between 180 and 16m^/see. The 
selected node for results corresponds to Chairel Lagoon inlet (Figures 5.13-5.18).
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Figure 5.6 Monthly Hydrographs for River Tamesi Model observed at Magiscatzin, 2000-2002
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Figure 5.7 Water Level simulated at node 552 for minimum flow in 2000. The hydrograph reaches 
0.651 masl as a maximum value and 0.462 masl as a minimum value.
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Figure 5.8 Water Level simulated at node 552 for maximum flow in 2000. The hydrograph reaches
1.687 masl as a maximnm value and 0.882 masl as a minimum value.
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Figure 5.9 Water Level simulated at node 552 for minimum flow in 2001. The hydrograph reaches 
0.771 masl as a maximum value and 0.602 masl as a minimum value.
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Figure 5.10 Water Level simulated at node 552 for maximum flow in 2001. The hydrograph reaches
1.533 masl as a maximum value and 0.896 masl as a minimum value.
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Figure 5.11 Water Level simulated at node 552 for minimum flow in 2002. The hydrograph reaches 
0.353 masl as a maximum value and 0.203 masl as a minimum value.
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Figure 5.12 Water Level simulated at node 552 for maximum flow in 2002. The hydrograph reaches
1.283 masl as a maximum value and 0.623 masl as a minimum value.
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Figure 5.13 Discharge simulated at node 552 for minimum flow in 2000. The hydrograph shows 
18.81m^/s as a modelled average value for monthly discharge.
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Figure 5.14 Discharge simulated at node 552 for maximum flow in 2000. The hydrograph reaches
the peak value at 175.994m^/s.
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Figure 5.15 Discharge simulated at node 552 for minimum flow in 2001. The hydrograph shows 
18.33mVs as a modelled average value for monthly discharge.
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Figure 5.16 Discharge simulated at node 552 for maximum flow in 2001. The hydrograph shows 
two peaks during the month. The first occurs at 42.246mVs and a second one at 56.695m^/s.
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Figure 5.17 Discharge simulated at node 552 for minimum flow in 2002. The hydrograph shows 
19.12mVs as a modelled average value for monthly discharge.
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Figure 5.18 Discharge simulated at node 552 for maximum flow in 2002. The hydrograph reaches
the peak value at 39.03m^/s.
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5.3.3 Model Calibration
In order to show the model calibration in the five different points along the river 
January 2001 has been selected. The observed and modeled values at Los Tomates, in 
node 247, in the most upstream water level control location along the river are 0.05m as 
an average difference (Figure 5.19). For Salsipuedes, in node 343, the next water level 
control location downstream, the differences rises to 0.13m as an average and reaches 
0.17m (Figure 5.20) in the next control point at Tomolargo, in node 382 (Figure 5.21). 
For Cruz Grande and Cruz Chiea, in nodes 479 and 518 respectively, loeations more 
close to the reservoir area, the difference is reduced again to 0.13 and 0 .1 0 m in values 
difference (Figures 5.22 and 5.23). At Cruz Grande and Cruz Chiea, unlike the three 
calibration points upstream, the modelled values are larger than observed values.
The maximum difference is within a tolerance of 0.17m between modeled and observed 
data. The modeled data is obtained under the same boundary conditions than the river, 
with a diseharge of 2.5m^/sec and same input hydrograph. According to 
Guganesharajah, Environment Agency allows 1 meter for water level difference.
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Figure 5.19 The modelled and observed water level at node 247 in January 2001 shows 0.05 m as an
average difference in its values.
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Figure 5.20 The modelled and observed water level at node 343 in January 2001 shows 0.13 m as an
average difference in its values.
Tomolargo
January 2001
1.8 1 
1.6 
1.4 
1.2 
1%
E 0.8 
0.6 
0.4 
0.2 
0
_________________
---------------------------------------
—
________ _______________________
_
10 15 20
T i m e  in  d a y s
25 30 35
-♦— Modelled
-•— Observed
Figure 5.21 The modelled and observed water level at node 382 in January 2001 shows 0.17 m as an
average difference in its values.
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Figure 5.22 The modelled and observed water level at node 479 in January 2001 shows 0.13 m as an
average difference in its values.
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Figure 5.23 The modelled and observed water level at node 518 in January 2001 shows 0.10 m as an
average difference in its values.
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5.3.4 Analysis of Sensitivity
The analysis of sensitivity has been applied by comparison of normal results with a 
condition of high presence of vegetation on the main ehannels. This is obtained by 
varying the value for the Manning coefficient, which ranks the roughness condition in 
the ehannel. The Manning eoeffieient eonsidered for normal conditions is 0.035, whilst 
for high roughness condition a value of 0.05 is selected.
The figures shown below correspond to wet and dry season’s representative months in 
2001 (Figure 5.24-5.27). The variations in water level for both cases are not sensitive as 
it is in discharge. The diseharge is diminished 5 m^/sec average by April and 10 m^/sec 
average by September. The water level values show slightly variations for April and 
almost none for September.
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Figure 5.24 The water levels at node 552 in April 2001 for different roughness conditions shown a 
small difference in values that ranges 0.09m on average. Despite a minor value that reaches 0.139m 
in difference for water level under channel conditions influenced by vegetation in the start of the 
simulation, the graphs for this and normal conditions meet a stable average by the end.
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Figure 5.25 The discharge at node 552 in April 2001 for different roughness conditions shows a 
minor value in channel conditions influenced by vegetation with 5.195mVs as a difference on
average.
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Figure 5.26 The water levels at node 552 in September 2001 for different roughness conditions show 
no difference in values for normal and vegetation influence conditions.
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Figure 5.27 The discharge at node 552 in September 2001 for different roughness conditions shows 
a minor value in channel conditions influenced by vegetation with 17.972mVs as a difference on
average.
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CHAPTER 6 
ANALYSIS OF RESULTS 
6.1 Introduction
This chapter shows a quantitative analysis of the lagoon system, along with the analysis 
of selected cases. The first section of this chapter deals with the quantitative aspects of 
the lagoon system in general and the Chairel lagoon in particular. It is shown a water 
balance for the whole lagoon system covering a 30 years period. Likewise, a water 
balance for Chairel Lagoon is presented assuming an extreme high demand scenario, 
which implies the use of only a minimum fraction from the inflow value at Magiscatzin.
In a second section an analysis is shown for selected cases in the downstream node 
which virtually will represent the connection between the simulations of the river and 
the reservoir. The considered scenarios are a base case, a maximum flow case, a 
minimum flow case and a climate change case designed for a double concentration of 
CO2 .
6.2 Historical Analysis
The Chairel Reservoir is regulated, along with the other supply water bodies in the zone 
like Champayan and Laguna de la Puerta, is regulated by the river. This section reviews 
the existent data recorded during the period 1965-1995 in order to understand 
quantitatively the lagoon system functioning and the particular operation for Chairel 
Lagoon. The available water levels in the recorded locations of the system are 
historically reviewed in order to understand the river regulation scheme established.
The water balance for Chairel is made under the assumption of an inflow reduced to a 
fraction of the recorded flow at Magiscatzin. This assumption is based on a future 
scenario of high pressure over the resource within the system and with the lagoon 
providing water in full capacity for a growing population. In other words, for Chairel 
Lagoon the inflow has been considered as a percentage of the recorded flow in 
Magiscatzin gauge station according to its area within the lagoon system.
The water level shown in this section corresponds to the period of time in which the 
recorded data was completed for the six different water level staffs along the system. 
These points have been described previously in the Chapter 4, with four of them along
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the mainstream with a higher altitude: Los Tomates, Tomolargo and Salsipuedes, and 
the three remaining closer to the reservoir area downstream in a lower area: Cruz 
Grande, Cruz Chiea and Chairel.
6.2,1 Water Balance
The water balance for the River Tamesi Lagoon System is calculated for a period of 30 
years (1965-1995). The operational water level is considered at 1.00 above mean sea 
level (amsl). At this level the lagoon system has an area of 460 Km^ (square 
kilometres), a capacity for 676 Mm^ (Millions of cubic meters), and an available 
volume of 399 Mm^.
The data considered for flow is recorded in Magiscatzin gauge station. As it is shown in 
Figure 6.1, the average annual hydrograph shows 211.58m^/sec as a maximum value for 
July, and 13.04m^/s as a minimum value for April. The river lagoon systems receive 
annually 932.63 Mm^. In Figure 6.2, a Rippl Diagram is shown indicating the annual 
storage volume for River Tamesi Lagoon System.
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Figure 6.1 Annual Hydrograph recorded at Magiscatzin gauge station (1965-1995)
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Figure 6.2 Rippl Diagram for River Tamesi Lagoon System (1965-1995)
Besides flow data, lateral flow and rainfall are considered as system inflows. The 
outflows are abstractions plus evaporation rates. The rainfall and evaporation data is 
taken directly from observed records while lateral flow is estimated as hortonian flow. 
The abstraction volume for outflows considers three different types of demand: 
2.71m^/sec for domestic use, 2.63m^/sec for industrial use, and 0.114mVsec for crop 
use.
Table 6.1 Water Balance for Tamesi River Lagoon System (1965-1995)
W a te r  B a la n c e  f o r  T a m e s i  R iv e r  L a g o o n  S y s t e m  (1 9 6 5 -1 9 9 5 )
M o n th In f lo w
Mm^
L a te ra l  F lo w  
M m^
R a in fa ll
Mm^
O u tf lo w
Mm^
E v a p o r a t io n
M m^
W a t e r  B a la n c e  
Mm^
J a n u a ry 6 9 .0 0 4 7 .1 5 14.31 14.61 3 1 .2 3 8 4 .6 2
F e b ru a ry 5 1 .1 0 2 9 .2 6 8 .7 8 1 3 .1 9 3 8 .0 4 37 .91
M arch 4 2 .5 0 2 2 .1 3 6 .7 2 14.61 5 6 .4 4 0 .3 0
April 3 3 .8 0 33.81 1 0 .2 6 1 4 .1 3 6 6 .7 5 -3.01
M ay 6 2 .2 0 7 6 .2 5 2 3 .1 4 14.61 7 4 .8 4 7 2 .1 4
J u n e 2 9 3 .9 0 3 0 8 .9 6 9 3 .7 5 1 4 .1 3 7 3 .9 2 6 0 8 .5 6
Ju ly 5 6 6 .7 0 22 3 .3 1 6 7 .7 6 14.61 7 0 .5 2 7 7 2 .6 4
A u g u s t 3 4 3 .8 0 2 7 6 .8 2 8 3 .9 9 14.61 6 4 .7 7 6 2 5 .2 3
S e p te m b e r 4 8 9 .2 0 4 0 1 .8 9 1 2 1 .9 5 1 4 .1 3 5 6 .3 5 9 4 2 .5 6
O c to b e r 3 4 4 .9 0 1 9 4 .2 0 5 8 .9 3 14.61 5 2 .2 6 5 3 1 .1 6
N o v e m b e r 9 7 .4 0 6 2 .1 6 1 8 .8 6 1 4 .1 3 3 8 .5 9 1 2 5 .7 0
D e c e m b e r 6 7 .5 0 7 7 .4 7 23 .51 14.61 32 .11 1 2 1 .7 6
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The water balance for the lagoon system, in table 6.1, shows an excess in storage 
capacity in two months, July and September, and one month of deficit in April.
The water balance for the Chairel Lagoon is calculated for the same period used in 
River Tamesi Lagoon System water balance (1965-1995). Considering the same 
operational water level then in the lagoon system water balance, at 1 . 0 0  amsl, the 
Chairel Lagoon has an area of 7.10 Km^, a capacity of 11.60 Mm^, and an available 
volume of 5.60 Mm^.
The data considered for flow is recorded in Magiscatzin gauge station. The average 
annual hydrograph shows 3.62m^/sec as a maximum value for July, and 0.22m^/s as a 
minimum value for April. The river lagoon systems receive annually 15.95 Mm^.
Annual Hydrograph
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Figure 6.3 Annual Hydrograph for Chairel Lagoon (1965-1995)
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Figure 6.4 Rippl Diagram for Chairel Lagoon (1965-1995)
Besides flow data, lateral flow and rainfall are considered as system inflows. The 
outflows are abstractions plus evaporation rates. The rainfall and evaporation data is 
taken directly from observed records while lateral flow is estimated as hortonian flow. 
The abstraction volume for outflows considers only 2.50m^/s for domestic demand.
Table 6.2 Water Balance for Chairel Reservoir (1965-1995)
W a t e r  B a la n c e  f o r  C h a ire !  R e s e r v o i r  (1 9 6 5 -1 9 9 5 )
M o n th In f lo w
Mm^
L a te ra l  F lo w  
Mm^
R a in fa ll
Mm^
O u tf lo w
Mm^
E v a p o r a t io n
Mm^
W a t e r  B a l a n c e  
M m^
J a n u a ry 1 .18 0.81 0 .2 2 6 .7 0 0 .4 8 -4 .9 7
F e b ru a ry 0 .8 7 0 .5 0 0 .1 4 6 .0 5 0 .5 9 -5 .1 2
M arch 0 .7 3 0 .3 8 0 .1 0 6 .7 0 0 .8 7 -6 .3 6
April 0 .5 8 0 .5 8 0 .1 6 6 .4 8 1 .0 3 -6 .1 9
M ay 1 .0 6 1 .3 0 0 .3 6 6 .7 0 1 .1 6 -5 .1 3
J u n e 5 .0 3 5 .2 8 1 .45 6 .4 8 1 .1 4 4 .1 4
Ju ly 9 .6 9 3 .8 2 1 .05 6 .7 0 1 .0 9 6 .7 7
A u g u s t 5 8 8 4 .7 3 1 .3 0 6 .7 0 0 .9 9 4 .2 2
S e p te m b e r 8 3 7 6 .8 7 1 .8 8 6 .4 8 0 .8 7 9 .7 7
O c to b e r 5 .9 0 3 .3 2 0.91 6 .7 0 0.81 2 .6 2
N o v e m b e r 1 .6 7 1 .0 6 0 .2 9 6 .4 8 0 .5 9 -4 .0 5
D e c e m b e r 1 .1 5 1 .32 0 .3 6 6 .7 0 0 .4 9 -4 .3 5
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The water balance for Chairel Lagoon, in table 6.2, shows no excess in storage capacity 
and seven months of deficit. However in July and September the figures exceed the 
available operational volume for the reservoir.
6.2,2 Water Levels
The historical data for water levels in the River Tamesi Lagoon System had been 
measured and reported by CONAGUA in six different representative points along the 
river. The recorded period varies from station to station and it is only for the period 
2000-2003 in which a comparable average record can be shown (see Annex D). From 
the selected points the maximum water level changes from 2.10 amsl at Los Tomates 
station to 1.31 amsl at Chairel station. These values are shown in October. The 
minimum water level occurs in May and varies from 0.87 amsl at Salsipuedes station to 
0.43 amsl at Chairel station. The figure 5.5 and 5.6 shows the average water level in the 
six different recording water level stations throughout the lagoon system.
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Figure 6.5 River Tamesi water levels observed at Los Tomates, Salsipuedes and Tornolargo
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Figure 6.6 River Tamesi water levels observed at Cruz Grande, Cruz Chica and Chairel Lagoon
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6.3 Cases for Water Management
The runs shown in this section were selected from those which describe the most 
relevant cases for water management during the period covered by the river model 
simulation. Besides a base case, there are three more cases: a maximum and minimum 
flow case and a climate change scenario.
The base case, as a do nothing scenario, has been selected to simulate one year in river 
operation. The year 2001 is selected based on the absence of extreme inflow values for 
the system. It is shown in four different months, representative of a seasonal basis: 
February, May, August and November.
For maximum and minimum flow, the two months with the most extreme value were 
selected within the three years model run period. The maximum flow case is described 
by October 2000, whilst the minimum flow case is described by May 2002.
In the case of Climate Change, the base case is affected by a percentage based on the 
proposed variations for the River Tamesi runoff in Adame (2003) for a double 
concentration of CO2 , expected by 2100. The Climate Change Case is shown on a 
seasonal basis, with four representative months, in order to establish a comparison with 
the base case.
6.3,1 Base Case
A 12 months period of simulation correspondent to 2001 is selected as a base case in 
order to show a normal year of operation. From the three years simulated by the model, 
2001 is the one without extreme flow cases or extraordinary seasonal variation. The 
results are shown in four months representative for spring (Figure 6.7-6.9), summer 
(Figure 6.10-6.12), fall (Figure 6.13-6.15), and winter (Figure 6.16-6.18).
By February a constant discharge value above 20 m^/sec is observed in Figure 6.9 
associated to a regular decrease in water level value, which is a consequence of constant 
withdraw downstream without signs of rainfall events downstream. By May (Figure 
6 .1 2 ), discharge values keep constant below 2 0  m^/sec but water level curve shows 
fluctuation below at low permissive values for lagoon system operation. The range of 
this water level values fluctuation is 8  cm. In the case of August (Figure 6.15), the 
average discharge value is 2 0  m^/sec at least until the end of the month in which is
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noticeable a rainfall event in the diagram. The water level for August follows discharge 
in a similar pattern descending a range of 2 0  cm between 0.80 and 0.60m which is 
recovered by the end of the month as discharges does. Finally, by November, after a 
rainy period upstream, the discharge reaches 40 m^/sec at the beginning of the month 
and gradually descends to 20 m^/sec. The water level curve shown in the figure 6.18 
reflects the increment of inflow in the system with a range of values between 1 . 6  and 
0.75m.
In figures 6.19 and 6.20 the modeled hydrograph is described for the terminal node 
downstream the river. A water balance for Chairel Lagoon is described in table 6.3. This 
calculation shows water availability throughout the year.
Flow I Regular Time Interval I
Time d.h.m Flow (mVs) j
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[
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Figure 6.7 Inflow data for base case taken from February 2001. The peak flow value is 21.39m^/s
and corresponds to 5 February 2001.
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Figure 6.8 River flow simulation profile at time step 1309 for February 2001. The modelled water 
level along the River Tamesi records 1.283 masl (node 247), 1.253 masl (node 343), 1.241 masl (node 
382), 1.174 masl (node 479) and 1.112 masl (node 518).
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Figure 6.9 The relationship between water level and discharge at node 552 for February 2001 shows 
the water level diminishing from 1.0512 masl to 0.891 masl whilst the discharge keeps 20.89m^/s as
an average value.
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Figure 6.10 Inflow data for base case taken from May 2001. The peak flow value is 62.10m^/s and
corresponds to 16 May 2001.
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Figure 6.11 River flow simulation profile at time step 1509 for May 2001. The modelled water level 
along the River Tamesi records 0.989 masl (node 247), 0.956 masl (node 343), 0.944 masl (node 
382), 0.871 masl (node 479) and 0.803 masl (node 518).
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Figure 6.12 The relationship between water level and discharge at node 552 for May 2001 shows 
that water level fluctuates between 0.591 to 0.662 masl, reaching 0.582 masl as a minimum value by 
the end of the month, whilst the discharge keeps 18.59m^/s as an average value.
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Figure 6.13 Inflow data for base case taken from August 2001. The peak flow value is 339.87m^/s 
and corresponds to 31 August 2001. The average monthly flow value is 5.98m^/s
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Figure 6.14 River flow simulation profile at time step 1405 for August 2001. The modelled water 
level along the River Tamesi records 1.033 masl (node 247), 1.003 masl (node 343), 0.992 masl (node 
382), 0.924 masl (node 479) and 0.858 masl (node 518).
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Figure 6.15 The relationship between water level and discharge at node 552 for August 2001 shows 
that water level curve follows a slight decreasing value in consistency with the discharge curve 
throughout the month. The water level reaches a minimum value in 0.622 masl whilst the discharge 
keeps 19.864m^/s as an average before an event at the end of the period is shown altering the
pattern.
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Figure 6.16 Inflow data for base case taken from November 2001. The peak flow value is 191.08mVs
and corresponds to 21 November 2001.
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Figure 6.17 River flow simulation profile at time step 1405 for November 2001. The modelled water 
level along the River Tamesi records 1.955 masl (node 247), 1.894 masl (node 343), 1.871 masl (node 
382), 1.748 masl (node 479) and 1.647 masl (node 518).
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Figure 6.18 The relationship between water level and discharge at node 552 for November 2001 
shows a gradual decrease in the water level curve following a similar pattern with the discharge 
curve. The water level decrease from 1.523 to 1.321 masl and reflects in 0.072 m of elevation the 15 
m /^s increase in the discharge curve shown at the beginning of the period.
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Figure 6.19 Modelled annual hydrograph for Chairel Lagoon in base case
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Figure 6.20 RippI diagram for Chairel inflow for base case
Table 6.3 Water Balance for Chairel Reservoir for base case
Month Inflow
Mm^
Lateral Flow  
Mm^
Rainfall
Mm^
Outflow
Mm^
Evaporation
Mm^
Water Balance  
Mm^
January 52.91 0.81 0.22 6.70 0.48 46.76
February 50.39 0.50 0.14 6.05 0.59 44.39
March 48.24 0.38 0.10 6.70 0.87 41.15
April 45.31 0.58 0.16 6.48 1.03 38.54
May 45.48 1.30 0.36 6.70 1.16 39.28
June 46.18 5.28 1.45 6.48 1.14 45.29
July 52.16 3.82 1.05 6.70 1.09 49.24
August 47.10 4.73 1.30 6.70 0.99 45.45
September 81.14 6.87 1.88 6.48 0.87 82.54
October 67.47 3.32 0.91 6.70 0.81 64.20
November 82.64 1.06 0.29 6.48 0.59 76.92
December 60.72 1.32 0.36 6.70 0.49 55.22
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6,3.2 Maximum Flow Case
The maximum flow case is important for flooding and off stream planning in the zone. 
October in 2000 is selected as the representative month for this case. In this month the 
average flow is 503.49m^/sec. The monthly hydrograph for October 2000 shows a peak 
by October 6 * with l,367.12m^/sec after a continued flow around 40 m^/see in the 
beginning of the month. After the peak the discharge will diminish returning to its base 
flow until the following month (Figure 6.21-6.23).
The water balanee shown in table 6.4 describes the water availability for Chairel 
Lagoon throughout October 2000 with a minimum storage value of 5.12 Mm^ and a 
maximum of 18.04 Mm^. It can be noted that inflow is attenuated at Chairel Lagoon 
inlet (node 552). If figure 6.67 is reviewed can be seen how flooding occurs upstream in 
the river. The river segment more affected corresponds to the meandering zone located 
between nodes 190 and 400. Geographically, this segment comprises 6  lagoons 
alongside: Salada (870), Pintas (800), Toquillas (890), Puente (900), Josesito (910) and 
Quintero (820).
The flood plain alleviation is, in the simulation, the cause of the flow rate attenuation 
downstream. This circumstance serves as a natural protection for the abstraction 
reservoir downstream.
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Figure 6.21 Inflow data for maximum flow case taken from October 2000. The peak flow value is 
2,876.51m^/s and corresponds to 8 October 2000.
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Figure 6.22 River flow simulation profile at time step 791 for October 2000. The modelled water 
level along the River Tamesi records 4.601 masl (node 247), 4.528 masl (node 343), 4.521 masl (node 
382), 3.967 masl (node 479) and 3.251 masl (node 518).
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Figure 6.23 The relationship between water level and discharge at node 552 for October 2000 shows 
the water level curve that assimilates a difference in discharge about 156m^/s in 0.795 meters of
water level elevation.
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Table 6.4 Water Balance for Chairel Reservoir for maximum flow case
Oct-00 Inflow
Mm^
Lateral Flow  
Mm®
Rainfall
Mm®
Outflow
Mm®
Evaporation
Mm®
Water Balance  
Mm®
1 1.92 3.32 0.91 0.22 0.81 5.12
2 1.94 3.32 0.91 0.22 0.81 5.14
3 1.93 3.32 0.91 0.22 0.81 5.13
4 1.91 3.32 0.91 0.22 0.81 5.11
5 1.86 3.32 0.91 0.22 0.81 5.06
6 3.09 3.32 0.91 0.22 0.81 6.29
7 6.30 3.32 0.91 0.22 0.81 9.50
8 13.23 3.32 0.91 0.22 0.81 16.43
9 14.84 3.32 0.91 0.22 0.81 18.04
10 11.41 3.32 0.91 0.22 0.81 14.61
11 7.53 3.32 0.91 0.22 0.81 10.73
12 6.26 3.32 0.91 0.22 0.81 9.46
13 5.85 3.32 0.91 0.22 0.81 9.05
14 5.71 3.32 0.91 0.22 0.81 8.91
15 5.72 3.32 0.91 0.22 0.81 8.92
Table 6.4 Cont. Water Balance for Chairel Reservoir for maximum flow case
Oct-00 Inflow
Mm®
Lateral Flow  
Mm®
Rainfall
Mm®
Outflow
Mm®
Evaporation
Mm®
Water Balance  
Mm®
16 5.70 3.32 0.91 0.22 0.81 8.90
17 5.59 3.32 0.91 0.22 0.81 8.79
18 5.29 3.32 0.91 0.22 0.81 8.49
19 5.02 3.32 0.91 0.22 0.81 8.22
20 4.88 3.32 0.91 0.22 0.81 8.08
21 4.81 3.32 0.91 0.22 0.81 8.01
22 4.70 3.32 0.91 0.22 0.81 7.90
23 4.55 3.32 0.91 0.22 0.81 7.75
24 4.40 3.32 0.91 0.22 0.81 7.60
25 4.37 3.32 0.91 0.22 0.81 7.57
26 4.36 3.32 0.91 0.22 0.81 7.56
27 4.23 3.32 0.91 0.22 0.81 7.43
28 4.15 3.32 0.91 0.22 0.81 7.35
29 4.07 3.32 0.91 0.22 0.81 7.27
30 3.88 3.32 0.91 0.22 0.81 7.08
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6.3,3 Minimum Flow Case
The minimum flow case is important for urban growth planning in the zone. May in 
2002 is selected as the representative month for this case. In this month the average flow 
is 2.96m^/sec. The monthly hydrograph for May 2002 shows 5.03 as a maximum value 
in the beginning of the month and due to lack of precipitation, a gradually descending 
graph until reach 1.18m^/sec as a minimum value by May (Figures 6.24-6.26).
The water balance shown in table 6.5 describes the water availability for Chairel 
Lagoon throughout May 2002 with a minimum storage value of 1.83 Mm^ and a 
maximum of 2 . 0 1  Mm^.
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Figure 6.24 Inflow data for minimum flow case taken from May 2002. The peak flow value is 
5.03m^/s and corresponds to 1 May 2002. The minimum flow is 1.18m^/s and occurs in 31 May 2002
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Figure 6.25 River flow simulation profile at time step 2976 for May 2002. The modelled water level 
along the River Tamesi records 0.613 masl (node 247), 0.581 masl (node 343), 0.569 masl (node 
382), 0.497 masl (node 479) and 0.424 masl (node 518).
May 2002
25 T  0.4
-■ 0.35
2 0
-■ 0.3
0.2515
- ■  0.2
___1 0 -  0.15
5
-- 0.05
0
300 400 500 600 7000 1 0 0 200 800
T im e  in  h o u r s
Discharge 
■ W ater Level
Figure 6.26 The relationship between water level and discharge at node 552 for May 2002 shows 
that for 19.12m^/s, as an average discharge valne, the water level decreases from 0.353 to 18.183
masl.
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Table 6.5 Water Balance for Chairel Reservoir for minimum flow case
May-02 Inflow
Mm^
Lateral Flow  
Mm®
Rainfall
Mm®
Outflow
Mm®
Evaporation
Mm®
Water Balance  
Mm®
1 1.73 1.30 0.36 0.22 1.16 2.01
2 1.73 1.30 0.36 0.22 1.16 2.01
3 1.71 1.30 0.36 0.22 1.16 1.99
4 1.71 1.30 0.36 0.22 1.16 1.99
5 1.73 1.30 0.36 0.22 1.16 2.01
6 1.71 1.30 0.36 0.22 1.16 1.99
7 1.71 1.30 0.36 0.22 1.16 1.99
8 1.72 1.30 0.36 0.22 1.16 2.00
9 1.70 1.30 0.36 0.22 1.16 1.98
10 1.68 1.30 0.36 0.22 1.16 1.96
11 1.67 1.30 0.36 0.22 1.16 1.95
12 1.65 1.30 0.36 0.22 1.16 1.93
13 1.58 1.30 0.36 0.22 1.16 1.86
14 1.61 1.30 0.36 0.22 1.16 1.89
15 1.65 1.30 0.36 0.22 1.16 1.93
16 1.67 1.30 0.36 0.22 1.16 1.95
17 1.67 1.30 0.36 0.22 1.16 1.95
18 1.64 1.30 0.36 0.22 1.16 1.92
19 1.55 1.30 0.36 0.22 1.16 1.83
20 1.57 1.30 0.36 0.22 1.16 1.85
Table 6.5 Cont. Water Balance for Chairel Reservoir for minimum flow case
May-02 Inflow
Mm®
Lateral Flow  
Mm®
Rainfall
Mm®
Outflow
Mm®
Evaporation
Mm®
Water Balance  
Mm®
21 1.60 1.30 0.36 0.22 1.16 1.88
22 1.60 1.30 0.36 0.22 1.16 1.88
23 1.60 1.30 0.36 0.22 1.16 1.88
24 1.62 1.30 0.36 0.22 1.16 1.90
25 1.60 1.30 0.36 0.22 1.16 1.88
26 1.59 1.30 0.36 0.22 1.16 1.87
27 1.61 1.30 0.36 0.22 1.16 1.89
28 1.61 1.30 0.36 0.22 1.16 1.89
29 1.59 1.30 0.36 0.22 1.16 1.87
30 1.57 1.30 0.36 0.22 1.16 1.85
31 1.57 1.30 0.36 0.22 1.16 1.85
6.3.4 Climate Change Case
Adame (2003) found an average 17.85% run off inerement for the Tamesi River Lagoon 
System but proposes as well variations according to six different scenarios. From the six 
scenarios proposed by Adame (2003) for climate change in the River Guayalejo-Tamesi 
catchment one was taken for this research which considers a double concentration of
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carbon dioxide and equally growth rate in the water demand upstream. The increment is 
reflected seasonal with negligible variation for summer and fall of 4 and 0.5% 
respectively. In winter a run off decrement of 25% of current flow is expected. In the 
other hand, spring is predicted with a 1 2 2 % run off increment.
In the figures (6.27-6.46) is shown that no significant variation is predicted for water 
level but a variation for discharge values between base case, which represents 2 0 0 1 , and 
the chose climate change scenario, which corresponds to 2100. The more significant 
variation in discharge detected is 0.10 m^/sec in May. The annual hydro graph and its 
RippI diagram for this climate change scenario are shown in the figures 6.47 and 6.48. 
The water balance shown in table 6 . 6  show a positive balance throughout the year for 
the climate change scenario considered. In a review of base case and climate in tables
6.3 and 6 .6 , are perceivable similar monthly values for water availability with the exact 
same volume for July, August, and October.
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Figure 6.27 Inflow data for climate change base case in February 2100. The peak flow value is 
39.29m^/s and would correspond to 19 February 2100. In this month the precipitation increases 122 
% in comparison with the base case, according to Adame’s 2CO2 scenario (2003). This scenario 
considers 1% industrial growth for the River Guayalejo catchment.
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Figure 6.28 River flow simulation profile at time step 1308 for February 2100. The modelled water 
level along the River Tamesi records 1.286 masl (node 247), 1.255 masl (node 343), 1.243 masl (node 
382), 1.175 masl (node 479) and 1.113 masl (node 518).
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Figure 6.29 The relationship between water level in climate change and base case scenarios at node 
552 in February shows no significant variations.
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Figure 6.30 The climate change and base case scenario difference for discharge at node 552 in 
February is modelled as 0.030 meters in elevation.
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Figure 6.31 Inflow data for climate change case in May 2100. The peak flow value is 133.32m^/s and 
would correspond to 15 May 2100. In the first half of this month the precipitation increases 122 %, 
according to Adame’s 2CO2 scenario (2003), which considers 1% industrial growth for the 
catchment. For the second half the precipitation rate diminishes in 5% in comparison with the base
case.
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Figure 6.32 River flow simulation profile at time step 1504 for May 2100. The modelled water level 
along the River Tamesi records 0.989 masl (node 247), 0.953 masl (node 343), 0.940 masl (node 
382), 0.867 masl (node 479) and 0.800 masl (node 518).
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Figure 6.33 The relationship between water level in climate change and base case scenarios at node
552 in May shows no significant variations.
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Figure 6.34 The climate change and base case scenario difference for discharge at node 552 in May
is modelled as 0.095 meters in elevation.
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Figure 6.35 Inflow data for climate change case in August 2100. The peak flow value is 338.26m^/s 
and would correspond to 31 August 2100. In this month the precipitation decreases 1 % in 
comparison with the base case, according to Adame’s 200% scenario (2003). This scenario considers 
1% industrial growth for the River Guayalejo catchment.
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Figure 6.36 River flow simulation profile at time step 1403 for August 2100. The modelled water 
level along the River Tamesi records 1.036 masl (node 247), 1.005 masl (node 343), 0.994 masl (node 
382), 0.925 masl (node 479) and 0.858 masl (node 518).
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Figure 6.37 The relationship between water level in climate change and base case scenarios at node
552 in August shows no significant variations.
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Figure 6.38 The climate change and base case scenario difference for discharge at node 552 in 
August is modelled as 0.001 meters in elevation.
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Figure 6.39 Inflow data for climate change case in November 2100 The peak flow value is 
144.22m^/s and would correspond to 21 November 2100. In this month the precipitation decreases 
25 % in comparison with the base case, according to Adame’s 2CO2 scenario (2003). This scenario 
considers 1% industrial growth for the River Guayalejo catchment.
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Figure 6.40 River flow simulation profile at time step 1407 for November 2100. The modelled water 
level along the River Tamesi records 1.952 masl (node 247), 1.892 masl (node 343), 1.869 masl (node 
382), 1.747 masl (node 479) and 1.646 masl (node 518).
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Figure 6.41 The relationship between water level in climate change and base case scenario at node 
552 in November shows no significant variations.
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Figure 6.42 The climate change and base case scenario difference for discharge at node 552 in 
November is modelled as 0.001 meters in elevation.
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Figure 6.43 Modelled annual hydrograph for Chairel Lagoon in climate change case
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Figure 6.44 Rippl diagram for Chairel inflow for climate change case
Table 6.6 Water Balance for Chairel Reservoir for climate change case
Water Balance for Chairel Reservoir
Month Inflow
Mm^
Lateral Flow  
Mm’
Rainfall
Mm’
Outflow
Mm’
Evaporation
Mm’
Water Balance  
Mm’
January 52.81 0.81 0.22 6.70 0.48 46.67
February 50.49 0.50 0.14 6.05 0.59 44.49
March 48.50 0.38 0.10 6.70 0.87 41.42
April 45.53 0.58 0.16 6.48 1.03 38.76
May 45.60 1.30 0.36 6.70 1.16 39.41
June 46.16 5.28 1.45 6.48 1.14 45.27
July 52.16 3.82 1.05 6.70 1.09 49.24
August 47.10 4.73 1.30 6.70 0.99 45.45
September 81.12 6.87 1.88 6.48 0.87 82.52
October 67.47 3.32 0.91 6.70 0.81 64.20
November 82.54 1.06 0.29 6.48 0.59 76.82
December 60.63 1.32 0.36 6.70 0.49 55.12
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For all reviewed scenarios, the water balance shows availability for Chairel Lagoon as a 
drinking water supply source for Tampico and Madero city. If it is considered the 
information provided in table 5.2, where Tampico and Madero population projected is 
shown decreased in 20,272 inhabitants, it is possible to conclude that, at least for 
domestic purposes, the current abstraction volume rate, 2.5m^/sec, can be maintained.
On the other hand, in order to consider an increment in abstraction rate for Chairel 
Lagoon, the demand for industrial purposes must be analyzed. The main industry which 
could demand an increment in water volume abstraction is the local oil industry 
(PEMEX).
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CHAPTER 7 
DISCUSSION
7.1 Introduction
This chapter discusses the following themes: the characteristics of River Tamesi Lagoon 
System considered in a hydraulic model, the data collection limitation in River Tamesi 
Lagoon System, performance of a ID model for River Tamesi, analysis of Tamesi River 
Lagoon System capacity, and the cases for water management in Chairel Lagoon.
7.2 The characteristics of River Tamesi Lagoon System
An important reason to select Chairel lagoon as a study site is the current hydraulic 
simplification considered for management made by the local water authority. Since the 
middle fifties, when the dykes were built up in River Tamesi Lagoon System and 
Chairel Lagoon was adapted as the water supply source for Tampico and Madero, 
technical and design limitations forced the hydrologist to propose an acceptable 
approach: the evaluation of its hydraulic operation as a reservoir representing the lagoon 
system with Chairel as an integral part. The lagoon system is controlled by an elevation- 
area-volume curve (Figure 4.4). The surveillance for this virtual reservoir is made by 
surveying staffs displayed at critical points along the river and water bodies used for 
supply (Figure 4.5). This conceptualization has been always present in practical terms 
locally and it is perceived in the regional water planning as is in a little dam project for 
the lagoon system which is permanently proposed as a future solution for the region.
This procedure has worked efficiently for four decades but demands the updating of the 
control analytical instrument, the elevations-volume-areas curve. This implies that it is 
expensive in economic and operational terms due to the necessity of periodical dredging 
of the whole system. As a consequence of short term management policy in local public 
administrations, the Chairel had to be rescued in the middle nineties and adapted in its 
operational capacity (Figures 4.6; 4.7). The same is true for the rest of the water bodies 
considered as supply sources included inside the system, like Champayan and La Puerta 
lagoons.
At the moment, the establishment of a full hydraulic model for the lagoon system is a 
difficult task due the necessity of scientific research and technical studies to provide
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better hydraulics knowledge about it. In terms of modelling, Chairel Lagoon simulation 
is a very solid first step in order to develop a more extensive hydraulic simulation for 
the lagoon system.
7.3 The data collection limitations in River Tamesi Lagoon System
A change in the scheme of the analytical method for the system will demand an accurate 
and structured data collection strategy due to the system extent. However, the possibility 
of treating the different water bodies within the lagoon system as separated elements 
that can be juxtaposed it facilitates the identification of a critical route for a data 
collection strategy.
A fundamental problem for this is to define the agency in charge of data collection and 
management due to current discretional practice on the public administration side. The 
national surveillance agency, CONAGUA, carries out the hydrometric and water quality 
networks monitoring in the catchment level. This generates a problem of resolution 
which is not enough to detail such a complex system as River Tamesi Lagoon System. 
However, at a local level is the municipality responsible for the maintenance of depth 
and eutrophication control. For this reason, dredging and vegetation removal along with 
environmental impact assessments are within its responsibilities. The operational 
management of water levels and special water quality surveys for water supply sources 
are carried out by the local water treatment company COMAPA.
The data acquisition for this research was attended widely by the three instances, 
especially in the case of the municipality support for field work. The request-delivery 
time for CONAGUA bureaucratic process is slow but its data sets are good quality. In 
the case of COMAPA, it was difficult to take advantage of all the available information 
due to lack of digital format to manage from overseas.
7.4 Performance of ID Model for River Tamesi
The current data availability, whose collection is designed to describe other processes, is 
not sufficient to establish a model covering all system aspects. Besides, the system 
cannot be conceptualized in isolated elements without inducing understanding errors 
because the system hydraulic performance hypotheses would rely on a very diffuse 
basis. The hydraulic simulation on this thesis, proposes for Chairel Lagoon, a 
combination of flow routing in the River Tamesi along with hydraulic simulation for
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velocity and direction as an analytical refinement and at the same time a support tool for 
water management. This model facilitates the interrelation of its hydraulic results with 
other phenomena analysis required for a sustainable water management.
The previous modelling exercise reported for the Tamesi River Lagoon System is of 
hydrological nature. Sanchez (1996) simulates for different control points along the 
whole Guayalejo-Tamesi catchment, including the lagoon system, the run-runoff 
process by estimating hydrographs for hydrological scenarios with events with a return 
period of 1, 2, 3, 5, 10, 25, 50, and 100 years. This model used HEC-1 for modelling 
and reports limitations for modelling because of topographic available data. The 
locations selected for simulations correspond to the points identified as interconnections 
between sub-catchments.
In this approach for the River Tamesi main stream modelling, tributaries or diversions 
are not considered. However, Jopoy stream it is described into the network due to its 
size and topological importance in connecting the lagoons upstream on the right 
riverbank side (Figure 5.5). In the model, the main stream just withdraws and recovers 
water towards the lagoon throughout virtual weirs located at the meandering zones. On 
the other hand, the stream around La Escondida Lagoon is not described in the model 
network due to negligible velocities found and reported in Appendix B2. According to 
the obtained results under this modelling procedure the difference in water level 
between modelled and observed values is below 20 cm (Figures 5.19; 5.20; 5.21; 5.22; 
5.23). The model shows a hypothetical interconnection that requires refinement but 
allows anticipate complex impoundment conditions due to flow returns into the system 
due to lagoons-river interconnectivity. The assumed discharge downstream main stream 
is planned to provide inflow values into Chairel Lagoon.
This model conception must keep developing as a continuous calibration and validation 
process following the research upstream progress. At present, the model adjusts its 
values by setting water levels data as a boundary downstream in the network. The 
suggested hydraulic modelling development for the lagoon system in order to know the 
other lagoons follows the same design set up for Chairel Lagoon. A better knowledge of 
the lagoons-river interconnectivity will improve the inflow calibration at Chairel lagoon 
inlets.
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7.5 Historical Analysis of Tamesi River Lagoon System
The Chairel Lagoon is currently analysed as a part of a large reservoir that includes all 
the lagoons within the lagoon system. This simplification places many uncertainties 
about the lagoon system interconnectivity. These uncertainties are not relevant to water 
management due to more than enough availability for current water demand. The 
relevance for this topic will rise if the pressure over resource increase due to urban 
growth and, as a consequence, sewerage is not planned responsibly out of the system 
water routes.
In a hydraulic system with Tamesi River Lagoon System characteristics, the usefulness 
for water level control in water supply sources as Chairel Lagoon is dependant of 
constant updating of it is analytical instrument, the area-volume-elevation curve along 
the main stream. This process is very expensive as a permanent task for maintenance 
due to dredging works required for the whole lagoon system coverage.
According to CONAPO population growth in the region is expected for Altamira, which 
is supplied by Champayan Lagoon and, eventually, the north river bank lagoons. Here, 
the interconnectivity question and its more detailed definition is very important because 
for future management it will be necessary its establishment in order to perform an 
adequate resource exploitation. Most of the lagoon system water bodies require more 
information about inlets location and inflows, this circumstance makes difficult set up a 
precise water balance for each element within the lagoon system and in a first approach 
the analyst is forced to assign percentages for individual calculation of the different 
water bodies to the lagoon system main inflow.
A separated water balance analysis for the lagoon system and Chairel Lagoon, using a 
1.71% of the whole lagoon system inflow for Chairel shows a deficit in the water 
availability seven months a year. The only way to correct this deficit is by the lagoon 
system general operation in a natural hydraulic compensation coming down from the 
river. If this is a current scenario, the anomaly cannot be detected with the current water 
level control within the Chairel Lagoon (Tables 6.1 and 6.2).
Another deficiency derived from this on stream management is the influence of the 
system limitations on each water body, as in Chairel Lagoon case. It is important to 
point out that Chairel capacity is 11.5 Mm^, 2.5 m^/sec as abstraction rate for urban
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supply, the minimum operation level is 0 . 1 0  above mean sea level, and therefore a 
reduction on its capacity is given limiting the operation volume to 5.6 Mm^.
7.6 Cases for Water Management in Chairel Lagoon
In order to evaluate the Chairel Lagoon sustainability is necessary to design relevant 
water management scenarios. It is important to point out that Chairel lagoon has a finite 
operational capacity that is compensated by the lagoon system. However, the city 
growth and water quality deterioration will dictate in the long term the efficiency of 
Chairel or any other water supply source within the lagoon system. The three cases 
analysed in section 6.3 of this thesis have the main influence over the main risky issues 
for the water supply sustainability: flooding, urban growth and climate change.
As it was explained in section 5.2.2, the system is vulnerable constantly to flood events 
due to the annual cyclone season. Despite the hydrograph considered for maximum flow 
scenario design in this thesis is not the more critical inflow shows the efficiency of 
current water management. The results do not describe immediate affectation 
downstream due to the flooding upstream in the system (figures 6.21-6.22). The 
subsequent attenuation downstream is enough for the values used for this scenario but 
the system is vulnerable to stronger events that cannot be regulated with the upstream 
hydrodynamics in the system. Considering this situation and based on results some 
solutions are proposed here: flood alleviation in order to avoid emergencies and off 
stream storage for supply.
The discharge increment it causes the water levels elevation of Chairel Lagoon as is 
shown in figure 6.23. Although discharge decreases through the month until initial 
values are reached, the water level is kept high. The Chairel Lagoon capacity increases 
along with discharge but final variation it ranges around 2  Mm^.
The low flow season reaches annually a critical point regularly in April. The main 
problem for Chairel lagoon about this is that its low threshold for supplying is straight 
linked to the lagoon system water level. Therefore, the difference in depth for increasing 
storage capacity of Chairel cannot be fully exploited due to this limitation, which 
favours suspended solid deposition in Chairel reservoir complicating the water 
treatment for supply.
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May 2002 is considered for evaluation of a minimum flow case. In this month a 
descending water level curve is observed for 19.12 m^/sec average flow at Chairel 
Lagoon inlet (Figure 6.26). However, the Chairel Lagoon capacity remains between
2.01 Mm^ with 0.35 masl and 1.85 Mm^ with 0.20 masl.
In terms of demand rise it is proposed to review the growth rate and geographic urban 
trend. The gro’wth rate increment will be translated into a water demand increment. On 
the other hand, the geographic urban growth will allow securing water for dry seasons 
by new storage sites, mainly on Laguna Champayan area, and the possibilities for safe 
wastewater discharge in order to preserve the system free of risks for water quality and 
dilution improvement. The lagoon system has other management possibilities than 
current one. Sanchez (1996) reports the always present governmental project of a “little 
dam” covering the lagoon system area, but another strategy can be the exploration of the 
lagoon system management operation as a lock system. Further research is required in 
order to locate the more suitable places for water impoundment along the main stream.
The further climate change scenarios must being associated to the sea level rise and the 
lagoon system security as a consequence. There is not research reported about sea level 
rising affecting Chairel Lagoon. However, this is not a matter of concern in the current 
climate change research for lagoon system area. The current research warns over 
decreasing water availability upper in catchment and, although lagoon system area is 
not negatively affected due to climate change, the pressure over resource upper 
catchment can create a demand scenario especially in agricultural zones upstream as it 
is for sugar cane industry upstream the lagoon system. The values applied to the inflow 
in the scenario analysed for this thesis in section 6.3.4 are just valid when is consider no 
industrial growth upper catchment.
For climate change, the years 2001 and 2100 are compared. The year 2001 was chosen 
due to absence of peaks for minimum and maximum flow for the entire simulation 
period. The year 2100 it corresponds to a climate variation caused by a double CO2  
concentration in the atmosphere.
There is no variation in results shown for water levels comparison in the four 
representative months of each season during a year as is shown in figures 6.29, 6.33, 
6.37 and 6.41. However, the discharge shows a small variation which is shown in detail 
in figures 6.30, 6.34, 6.38 and 6.42. The values for this variation are 0.03mVsec for
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winter, 0.095m^/sec for spring, O.OOlm^/sec for summer and fall. The water balance for 
Chairel Lagoon in table 6 . 6  shows an average capacity of 52.45 Mm^ with a maximum 
capacity of 82.52 Mm^ in September and a minimum capacity of 38.76 Mm^ in April.
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions
A one dimensional model representing the downstream sections of River Tamesi, one 
hundred kilometres before the river mouth, has been created in order to simulate flow 
properties and water levels within the lagoon system east of Tampico. The river 
modelling has been developed as a first stage in changing the analytical concept of 
River Tamesi Lagoon System Management.
The current River Tamesi Lagoon System management considers the lagoon system as a 
virtual reservoir encircling many interconnected water bodies that can be controlled by 
river regulation. In long term planning, a rise in the demand at the Northern lagoons of 
the system will complicate the operation for Southern Lagoons, particularly Chairel 
Lagoon, which is currently used for water supply purposes for Tampico and Madero.
Bearing this in mind this work explores the real potentiality of Chairel Lagoon within 
the River Tamesi Lagoon System. A flow routing was performed in order to know the 
flow attenuation from Magizcatzin gauge station to Chairel Lagoon inlet. These values 
were used to analyse Chairel Lagoon availability under three different cases relevant to 
the local water management: a maximum and minimum flow from a 3 years period, and 
a climate change case.
To conclude in the long term operational possibility for the Chairel as it is currently 
designed, this research discussed the results for the more relevant cases for water 
management that can affect the supply naturally: the historical analysis of Lagoon 
System water balance, the river model used for calculation and its limitations, and the 
Chairel water management cases.
• The critical water level for supply in River Tamesi Lagoon System (RTLS) is 20 
cm above sea level on average. In other words, a RTLS capacity below than 320 
Mm^ makes difficult water provision to Tampico-Madero due to the high rate of 
sediment carried by the River Tamesi. The water deficit is identified gradually 
decreasing from 125.70 Mm^ to -3.01 Mm^. The loss in this period, from 
November to May, represents 18.05% of RTLS yearly average volume.
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• The hydraulic intercoimectivity is working for proposed modelling network. The 
modelled water level in the main course of River Tamesi presents a difference 
with real gauge stations data, as follows: 0.05 m in Los Tomates, 0.13 m in 
Salsipuedes, 0.17 m in Tomolargo, 0.13 m in Cruz Grande and 0.10 m in Cruz 
Chica. These differences represent less than 10% of average water level.
• In a minimum flow scenario, the availability is ensured due to compensation of 
lagoons upstream. A monthly 2.96 m^/sec RTLS flow, representing only 3.79% 
from the system average flow, results in an average capacity of 1.92 Mm^ for 
Chairel Lagoon.
• A maximum flow scenario alleviates flooding in Chairel due to interconnectivity 
upstream. A RTLS average flow of 503.49 m^/sec results in an average capacity 
of 8.51 Mm^ for Chairel Lagoon.
• The river segment more affected by flooding corresponds to the zone located 
near six upstream lagoons: Salada, Pintas, Toquillas, Puente, Josesito and 
Quintero. The river meandering disposition along with the flow velocity and 
topography favours the weir effect on this zone.
• Climate change and current management scenarios show a variation in discharge 
values during the year. The variation in winter is 0.030 m^/sec. For spring is 
0.095 m^/sec.
8.2 Recommendations
As it has been explained in section 2.7, there is a gap between scientific approaches, like 
modelling, in water resources analysis and integrated water resources planning and 
management that must be fulfilled before the results of the research can be incorporated 
efficiently to a planning or management process.
The river modelling introduced in this thesis is only a first step for a more extensive 
simulation effort that would imply different tools and further research, in order to 
complete a simulation model for River Tamesi Lagoon System. The River-Lagoons and 
Lagoon-Lagoon interactions can be approached and the internal lagoon hydrodynamics 
along with availability and pollutant routes by means of a combination of modelling 
tools.
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The completion of an exercise of simulation for the River Tamesi implies not only the 
solution for lagoons interconnectivity but a reservoir yielding performed lagoon by 
lagoon from downstream to upstream within the system. Once the internal values were 
revealed for inflow nodes in the different water bodies then the river model developed 
here can be gradually improving its weirs simulation performance.
This research chose Chairel Lagoon as the first water body under study within the 
lagoon system. Its current importance as a water source supplier for Tampico and 
Madero, and the fact of being the only linked to a hydraulic monitoring scheme makes 
of it a compulsory choice.
It is recommended to complete the study started with this research simulating water 
quality and its interactions between River Tamesi and Chairel Lagoon. Appendix B1 
shows a water quality simulation for River Tamesi and Appendix B2 illustrates the 
proposed water quality simulation for Chairel Lagoon.
The water quality simulation shown in Appendices B1 and B2 were created using water 
quality data provided for CONAGUA which is very limited and some input data were 
deducted. This is the result of the absence of a water quality monitoring network within 
the system. Further research must be conducted in order to improve these models.
It is mentioned in the section 4.6 of this research that efforts for the creation of an 
Integrated Water Resources Plan have been done in South Tamaulipas but have no 
further progress due to lack of coordination, between managers and stakeholders, and 
gaps in the current River Tamesi Lagoon System knowledge. Appendix Cl offers a 
characterization of the site, complementary to the required for river modelling described 
in Chapter 4, whose intentionality is to aid in further research development for 
environmental, social, and economic aspects in Tampico and surrounding region.
It has been learned in literature that shared-vision modelling is the more efficient way to 
approach numerical model into decision making process. However, in some places 
whereas decision making process is far from providing immediate results a practical 
evaluation framework for water resources sustainability could be useful. Appendix C2 
proposes a Water Resources Sustainability Framework under development and based on 
coverage, quantity, quality, continuity, and cost is proposed for Chairel Lagoon.
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Hydraulic and Atmospheric Data from Magiscatzin, Tamesi and
Tampico Stations
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Appendix A2
Water Levels in River Tamesi (2000 -  2002)
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Appendix B1
River Tamesi Water Quality Simulation
River Tamesi Water Quality Simulation
The water quality input data used for this simulation are seasonal salinity and nitrates 
eoneentration values reeorded at Jopoy gauge station. The dataset eorrespond to 2000- 
2003 (Figures B1.1-B1.8).
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Figure B l.l  Water Temperature for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.2 Salinity for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.3 Ammonia for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.4 Nitrate for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.5 Phosphate for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.6 Dissolved Oxygen for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.7 Biochemical Oxygen Demand for River Tamesi Model observed at Jopoy, 2000-2002
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Figure B1.8 Faecal coliform concentrations for River Tamesi Model observed at Jopoy, 2000-2002
The salinity concentration values obtained by monthly simulation in the River Tamesi 
during the period 2000-2002 show a range between 240.75 and 981.57pmhos/cm. Both 
extreme values are observed in October 2000 (Figures B1.9 to B1.14).
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Figure B1.9 Modelled Salinity Concentration at node 552 for minimum flow in 2000. The figure 
shows a fluctuating value that ranges 39|umhos/cm but decreases along with time until 5nmhos/cm.
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Figure BI.IO Modelled Salinity Concentration at node 552 for maximum flow in 2000. The inflow 
event in this month is reflected with a variation in salinity from 240.75 to 981.57fimhos/cm.
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Figure B i l l  Modelled Salinity Concentration at node 552 for minimum flow in 2001. The figure 
shows a fluctuating value that ranges 20pmhos/cm and increases along with time until 30fimhos/cm.
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Figure B1.12 Modelled Salinity Concentration at node 552 for maximum flow in 2001. The inflow 
events in this month are reflected with a fluctuation in salinity values that ranges from 543.29 to
846.98^mhos/cm.
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Figure B1.13 Modelled Salinity Concentration at node 552 for minimum flow in 2002. The figure 
shows a fluctuating value that ranges from 726.76 to 757.93^mhos/cm.
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Figure B1.14 Modelled Salinity Concentration at node 552 for maximum flow in 2002. The inflow 
event in this month is reflected with a variation in salinity from 850.19 to 986.24|umhos/cm.
The nitrates concentration values obtained by monthly simulation in the River Tamesi 
during the period 2000-2002 show a range between 0 and 1 mg/1. October 2000 shows 
the most extreme variation in nitrates values (Figure B1.15-B1.20).
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Figure B1.15 Modelled Nitrates Concentration at node 552 for minimum flow in 2000. The figure 
shows a minimum variation of the nitrates value that ranges in 0.01 mg/1.
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Figure B1.16 Modelled Nitrates Concentration at node 552 for maximum flow in 2000. The figure 
shows a variation of the nitrates value that ranges from 0.60 to 0.96 mg/1.
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Figure B1.17 Modelled Nitrates Concentration at node 552 for minimum flow in 2001. The figure 
shows a variation of the nitrates value that ranges in 0.06 mg/1.
September 2001
200 400 600
T i m e  i n  h o u r s
800
-4— M odelled  N itrates  
C on centration
Figure B1.18 Modelled Nitrates Concentration at node 552 for maximum flow in 2001. The inflow 
events in this month are reflected with a fluctuation in salinity values that ranges from 0.03 to
0.34mg/l.
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Figure B1.19 Modelled Nitrates Concentration at node 552 for minimum flow in 2002. The figure 
shows a minimum variation of the nitrates value that ranges in 0.01 mg/1.
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Figure B1.20 Modelled Nitrates Concentration at node 552 for maximum flow in 2002. The figure 
shows a variation of the nitrates value that ranges in 0.06 mg/1.
Appendix B2
Pollutant Dispersion in Chairel Lagoon using HYDR0-3D
Introduction
For an illustrative example of Computational Fluid Dynamics as an aid in water quality 
surveillance for Chairel Reservoir a three dimensional model is set up. It was required 
to collect data from field in order to know the reservoir bathymetry and the average 
velocities in the main reservoirs inlets. The network has been created and solved for its 
hydraulics using HYDRO 3D. The reservoir hydrodynamics and its water quality 
concentrations are shown in order to help monitoring pollutant routes. Further 
development is required for calibration and validation.
The Tamesi River modeling results are expected to be used as the inflow values for the 
three dimensional simulation of the reservoir. The current velocity and direction within 
the water body as well as pollutant concentrations are shown to assist surveillance in 
water quality management of Chairel.
Data Collection
Two data collection campaigns were required and carried out in order to identify the 
reservoir depth for the water bodies that closely connected form the reservoir, and the 
stream velocity and direction in the main reservoir channels. This information has been 
fundamental in the network design.
Chairel Lagoon Bathymetry
Bathymetric data for Chairel Lagoon obtained in 2005, was accomplished by the author 
joining and contributing to a local surveying team. The Municipality has to carry out 
this activity every year for the abstraction pond and with a longer lapse of two to three 
years for the whole Chairel Reservoir.
By the time of this research started, the Chairel Maintenance Group, from the 
Municipality of Tampico, was carrying out a bathymetry in the reservoir and had 
already performed depth measurements in Chairel Lagoon, the water body where the 
abstraction point for water supply is placed. The author of this work joins when the 
bathymetry was being carried out in Corchal Lagoon.
Being an official task of the Municipality of Tampico, the data management and 
processing was made by the Chairel Maintenance Group and shared to this research in a 
CAD file. Along with this information, the CAD file for the previous bathymetry (1998) 
on the site was provided in order to cover the information for the three water bodies of 
El Chairel Reservoir. This was necessary due to the inconvenience of works happening 
in the Herradura Lagoon, which made no accessible the zone for surveying.
The methodology used in the bathymetry, due to budget limitations, has two phases: the 
description of the water body contour, and the parallel lines separated each 1 0  metres 
average to collect the information from the water body area. The campaign was 
conducted by the aid mainly of a GPS 76 Garmin with a focus range of 0.90-4.50 m, 
and a staff. In absence of a flagger on the shoreline the space between measures was 
designed by intervals of five minutes time.
In order to model the reservoir hydrodynamics was necessary to carry out a survey to 
find the average depths and velocities within the system. The bathymetry shows 
different depths in two of the water bodies, Corchal and La Herradura, with respect of 
Chairel whose depth is designed for abstraction purposes. The velocities were taken at 
the main channels which communicate the river and the reservoir and among the 
lagoons.
El Corchal Lagoon as known as Chairel Norte is a transitional water body. This lagoon 
is divided from north to south by the Central Channel which communicates La 
Escondida Channel with El Chairel South where the storage vessel is placed. The 
average depth for this lagoon is 0.50cm. The main activity in this lagoon is fishing 
(Fig.B2.1).
a.#*
““ &»!«« 
&«$
I5>t«
o
|g 5 tl5 5 !!!!S S
Figure B2.1 El Corchal Lagoon
La Herradura, as known as Central Chairel, is located in the East of the reservoir and 
out of the route of the main channels to the storage vessel. It is communicated with El 
Chairel by one channel southwards. In this water body three different urban pluvial 
discharges are placed. The average depth in this lagoon is 0.50m increasing depth near 
city side. Currently dredging works are carrying out because an artificial island is being 
constructed as a part of a private recreational project (Fig.B2.2).
El Chairel lagoon is the core of the reservoir. The storage vessels and abstraction points 
for drinking water to the city and industrial use by Petroleos Mexicanos (PEMEX) are 
placed here. The average depth is 2.06m but in the storage vessel reaches a depth of 
3.00m and 1.50m in the Central Channel (Fig.B2.3).
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Figure B2.2 La Herradura Lagoon
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Figure B2.3 El Chairel Lagoon
Velocities in Chairel Lagoon
A problem associated to Chairel Lagoon for this research was the lack of direct official 
information by CONAGUA about internal flow rates within the Tamesi River Lagoon 
System. The nearest gauge stations in the region are on the river at Magiscatzin and 
Tamesi, which are located before the beginning of the Lagoon System. Both stations 
reflect the influence of water impoundment and reduction of velocity in the flow due to 
lagoon system proximity.
The CNA strategy for hydrometric recording is not within the lagoon system. It 
comprises six water level gauging points along the river. These staffs reflect the 
influence of upstream lagoons in rainfall events and interflow processes but do not 
provide further information, as inflows in a particular water body within the system or 
accurate velocity changes and general behavior of the current.
In order to establish an initial set of conditions for hydrodynamic modeling in Chairel 
lagoon, which is, the more downstream lagoon of the system and where Tampico Water 
Company abstraction point is located, was necessary carry out a survey of inflows in 
this particular water body.
The methodology employed was floaters. Initially was set up to work with flow meters 
but due to low velocities within the lagoon the instrument should be replaced by 
floaters. The followed steps can be summarized as follows: identification of velocity in 
planned inflow channels, description of channel sections, and employment of flow 
meter by area method, employment of floaters for measuring inflows
The identified inflows for Chairel reservoir are mainly three channels: Raje, Bacante 
and Corona. The first communicates Escondida lagoon upstream, whilst Bacante and 
Corona link American Channel westwards Chairel Reservoir. However since Escondida 
lagoon and American channel are diversions of Tamesi River in a place known as Cruz 
Chica, this point was scheduled in the campaign. A last point. Hydros channel, was 
considered in the study as a potential inflow by northeast but after being recognized as 
non-velocity point was discarded.
The sections considered are similar in shape since they are located within the 
maintenance zone of Tampico Municipality, actually Raje, Bacante and Corona are 
channels designed initially by the maintenance program as main inflows for the 
reservoir with 35m width and 2m depth on average. Cruz Chica stills a Tamesi River 
section with 65m width and 5.20m depth. Hydros section is narrower with just 26m 
width and 2m depth (Fig.B2.4).
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Figure B2.4 Inlet channels sections at Chairel Reservoir
The intended method for inflow measurement was the area method which considers 
obtaining average velocity in a particular river or channel section. This method allows 
describing velocity at different depths. However, this approach showed to be useless in 
the site due to low values of velocity which force to change the strategy for using 
floaters. Floaters allow only the possibility of surface velocity recording but not vertical 
velocity profile. On the other hand, unlike previous method, floaters allow to know flow 
direction. Floaters employed by this study were buoys (Fig.B2.5).
The campaign was carried out from June 15*^  to July 27^ 2006. Since crew, boat and 
petrol were supplied by Municipality of Tampico the campaign was dependable of some 
priorities of local administration. Actually, the campaign was interrupted two times 
because some external duties for crew assigned to the campaign.
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Figure B2.5 Inlet channels sections at Chairel Reservoir
A first step in checking existent current velocities, in the four different considered 
channels for study, was carried out. This first round of visits to different inflow 
channels allowed taking the sections of each one. Even with recorded velocity in the 
different inflow channels with moving boat, once the boat was fixed no velocity was 
recorded in any channel at any depth. The instrument was changed for a laboratory flow 
meter which is smaller but once fixed results were the same.
Regarding the aforementioned, change in velocity measurement method was necessary 
to use of buoys as floaters. This method consists in leaving the floaters move along with 
the current recording initial and final position, plus distance and direction in between. A
period of 2 0  minutes was considered in the river and due to low velocities 1 0  minutes in 
the channels.
In terms of velocity, in the field work to get the average values within the system, the 
results obtained by floaters are described in the following tables (B2.1 to B2.4). The 
results correspond to the last five days of campaign. It is important to point out that by 
the date of measurement time can still considered as dry season. Bacante and Corona 
channels had a gap in measurement because of technical failures in the end of the 
campaign day.
The Cruz Chica site, at the entrance of the Chairel reservoir, is the main inflow into the 
reservoir as it shows the flow values in table B2.1. Although was not possible to register 
the velocities in all points simultaneously, presenting a difference between 1:30 hours to 
1:00 hours between the first sampled point during the day at Raje and the last sampled 
point at Corona channel during the five regulars days of sampling.
The maximum inflow was registered on July 20 at Cruz Chica with 12.10m^/s whilst the 
minimum inflow is recorded at Corona Channel with 1.66 m^/s on July 17. In the case 
of Corona or Bacante, the correspondent records to July 20 were missed due to technical 
problems with the boat.
The four points sampled in the campaign are the most significant as inflow points for 
the different lagoons of the reservoir but not the only ones, other two points sampled in 
the beginning of the campaign were located near Hydros channel in the cormection of 
the stream which borders La Escondida Lagoon and La Herradura Lagoon, and a second 
one in the connection of La Herradura Lagoon and Chairel Lagoon. In these two points 
after three days of sampling the velocity values were considered negligible.
The aforementioned reason serves as an argument in the design not only of the 3D 
network for Chairel Lagoons but for the required simplification in the design of the ID 
network to simulate the River Tamesi flow. The absence of flow at Hydros point, allows 
the possibility to eliminate the peripheral stream around La Escondida covering a 
theoretical major area for this lagoon.
Table B2.1 Flow Rates at Cruz Chica
• ESTACIÔN: CRUZ CHICA
FECHA HORA DBICAClÔN GEOGRAFICA DIRECTION DISTANCE VELOCITY AREA FLOW
MINS LAT.N. LONG. W. ! M. M/S M2 M3/S
17-Jul 11:20 22° 16'41.8" 97° 55'24.8"
11:40 22° 16'41.5" 97° 55' 24.6"
#  :
20 %SE 9 61 0.00800833 211.575 1.694363125
19-Jul 0&54 22° 16' 42.4" 97° 55'25.3"
10:14 22° 16'41.3" 97° 55'24"
- 20 SE : 53A5 0.04454167 21L575 <L423903I25
20-Jul 11:20 22° 16' 42" 97° 55'24.5"
11:30 22° 16' 43.1" 97°55'%L8"
W I NW 3432 0.0572 211.575 12.10209
21-Jul 09:30 22° 16'41.6" 97° 55'24.5"
09:50 22° 16'40.7" 97° 55' 22.4"
20 SE 0.05583333 211.575 11.8129375
26-Jul 10:00 22° 16'41.7" 97°55'%L7"
10:20 22° 16' 42.4" 97° 55' 25.5"
20 3 z æ V 0.02666667 211.575 5 ^ #
Table B2.2 Flow Rates at Raje
ESTACION: RAJE
FECHA HORA UBICACIÔN GEOGRAFICA DIRECTION DISTANCE
M.
VELOCITY
M/S
AREA
M2
FLOW
M3/SLAT. N. LONG. W.
17-Jul 10:55 22° 17' 1.2" 97°54'38A"
11:15 22° 17'2.7" 97° 54' 39.6"
20 513 4 ^ * 0.04278333 56 2.395866667
19-Jul 09:37 22° 17' 2.6" 97° 54' 39.0"
09:47 22° 17' 1.8" 97°54'3&9"
10 SE 22.94 0.03823333 56 2.141066667
20-Jul 12:53 22° 17' 1.1" 97° 54' 38.4"
13:03 22° 17'3.1" 97° 54' 39.6"
10 NW 68.90 031483333 56 6.430666667
21-Jul 09:09 22° 17' 0.7" 97° 54' 37.9"
09:19 22°16'5&9" 97° 54' 37.4"
10 SE 28.04 0.04673333 56 2.617066667
26-Jul 09:45 22° 17' 0.9" 97° 54' 38"
09:55 22° 17' 1.6" 97° 54'38.5"
10 NW 27J0 0.04516667 56 2329333333
Table B2.3 Flow Rates at Bacante
ESTACION: BACANTE
UBICACIÔN GEOGIU\FrCAfE C H A HORA DIRECTION DISTANCE FLOWVELOCITY AREA
LONG. W. M.'LAT. N. M3/SM2
17-Jul 11:48 22° 15'4.1 97° 53'
11:58
NW ' 2 26154&26.32 ' 0.04386667 51.555
19-Jul 10:25 22° 15' 4.3 97° 53'47.9'
10:35 22° 15'4.1
NE 23.00 1.9762755L555
20-Jul
21-Jul 10:00
10:10
4.296250.08333333 5L555
26-Jul 10:35 22° 15'4.0' 97° 53'47.7'
10:45 22° 15'4.7' 97° 53'48.1
NW 5L555
Table B2.4 Flow Rates at Corona
ESTACION: CORONA
FECHA
•
HORA UBICACIÔN GEOGR.4FICA DIRECTION DISTANCE
C- M. /
VELOCITY
- M/S
AREA
M2
FLOW
M3/SLAT.N. LONG. W.
17-Jul 12:13 22° 14'31.7" 97° 53' 17.5"
12:23 22°14' 39" 97° 53' 16.9"
10 NE r TL60 0:02933333 5^^805 1 66628
19-Jul 10:55 22° 14' 38.3" 97°53'1&5"
11:05 22° 14' 39" 97° 53' 17.8"
10 NE 2T00 0.03833333 " 5^6.805 ' 2.177525
20-Jul
21-Jul 10:25
10:35
10 NE 48.00 OTW 56.805 454M
26-Jul 11:00 22° 14'38.7" 97° 53' 17.5"
11:10 22° 14' 97° 53'
10 NW 2&00 0.03333333 56 805 L8935
Model Construction
The Chairel reservoir network is built using HYDRO 3D and, in order to help the 
hydraulic calculation, it is separated in different grids in order to simulate the lagoons 
that compound the reservoir: Corchal, Herradura and Chairel. Based on the field work 
results for velocities, the multiple channel interconneetivity among the lagoons was 
discarded and just one node was considered in the inflow and outflow points for 
Corchal and Herradura. For Chairel the inflows are located in four different inlets with 
one outflow node at the abstraction point to the water treatment plant.
The Corchal lagoon is an irregular grid consisting of 1941 nodes and 3679 elements 
(Figure B2.6). The inflow and outflow nodes are placed along the main channel which 
connects Corchal with La Escondida upstream and with Chairel downstream through a 
channel known as El Raje.
B  Hydro 10 - corchaLhdS
Fite EdK Vtew Opbons Input Data Interpotetiori SWatten Resuts Help
D |gg|B !Æ l >1^1 - l o i —I V lA lv - 'lo i a !--:.! ^  r
##*#**##**#«####
. $*#####*###*##$$$*»#
y
'i • r  ^
a
>Cbor*vR« X; 2978.99 Y: H73.t8 Scale ton:88.10i» Model network baded* Nodes: 1941 Elements: 3679
y
Figure B2.6 Three Dimensional Model Network for Corchal Lagoon in Chairel Reservoir
The Herradura lagoon is an irregular grid consisting of 2155 nodes and 4057 elements 
(Figure B2.7). The inflow node is placed at the Hydros channel, which connects La 
Escondida Lagoon with La Herradura upstream. The outflow node is placed in the 
connection with Chairel Lagoon in Herradura downstream.
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Figure B2.7 Three Dimensional Model Network for Herradura Lagoon in Chairel Reservoir
The Chairel lagoon is an irregular grid consisting of 1873 nodes and 3439 elements 
(Figure B2.8). Four inflow nodes are considered, two are the outlets of Corchal and 
Herradura lagoons upstream and the other two are placed in Bacante and Corona 
channels, which are the outlets of a terminal channels, called the American Channel, 
within the system of the main stream of River Tamesi. There are two potential 
abstraction points within the Chairel area but just one is considered as an outflow node 
for being the only one in regular use.
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Figure B2.8 Three Dimensional Model Network for Chairel Lagoon in Chairel Reservoir
Reservoir Hydrodynamics
The reservoir hydrodynamics has been tested for Chairel Lagoon, considering the 
Channel Corona as the only inflow point for the water body and the water treatment 
abstraction point as the only outlet. The channel Bacante is not considered in this 
simulation because it will be considered in future work in order to understand the 
interaction between Corchal and Chairel lagoons. The simulation is set up for two hours 
and 20.86m^/scc is taken as average inflow value. The figures B2.9 to 2.13 describe the 
hydrodynamics at 10 minutes, 30 minutes, 1 hour, 1.5 hours and 2 hours. It is visible the 
flow taking the channel on its way to abstraction after 1 hour and showing a radial 
influence in front of the inflow point limited to the lagoon central zone. The zones at 
north, northwest and southeast arc shown as dead zones in the figures for the total 
period of simulation.
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Figure B2.9 Hydrodynamic simulation in El Chairel Lagoon using HYDRO-3D at time step 2
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Figure B2.10 Hydraulic simulation in El Chairel Lagoon using HYDRO-3D at time step 6
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Figure B2.11 Hydraulic simulation in El Chairel Lagoon using HYDRO-3D at time step 12
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Figure B2.12 Hydraulic simulation in El Chairel Lagoon using HYDRO-3D at time step 18
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Figure B2.13 Hydraulic simulation in El Chairel Lagoon using HYDRO-3D at time step 24
Water Quality Surveillance
The three dimensional model of Chairel lagoon is a powerful tool in assisting water 
quality analysis and surveillance. In the figures B2.14 to B2.17 it is possible to follow a 
generic pollutant plume correspondent to the hydraulic simulation shown in previous 
section. The figures correspond to the pollutant plume size and its spatial influence at 
30, 60, 90 and 120 minutes. The pollutant evolves in a radial distribution buffering from 
inflow point. The dark green colour that corresponds to the minor values of pollutant 
concentration expand as a peripheral ring being spatially replaced by new rings that 
gradually increased the concentration values having its origin at the inflow point in 
Channel Corona.
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Figure B2.14 Pollutant plume simulation in El Chairel Lagoon using HYDRO-3D at time step 6
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Figure B2.15 Pollutant plume simulation in El Chairel Lagoon using HYDRO-3D at time step 12
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Figure B2.16 Pollutant plume simulation in El Chairel Lagoon using HYDRO-3D at time step 18
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Figure B2.17 Pollutant plume simulation in El Chairel Lagoon using HYDRO 3D at time step 24
Although initially it was contemplated for this Thesis to perform wind analysis for 
Chairel Lagoon in order to identify the path of the main pollutants within the system, 
limitations in time and resources forced this research to consider this just as an 
illustrative example for the next step within the analysis required for completing a 
detailed description of Chairel Lagoon analysis for sustainable management.
It has been shown a generic pollutant plume for only one inlet in the downstream lagoon 
of Chairel Reservoir but a similar and, conveniently, separated analysis must be carried 
out for the next inlet upstream (Bacante channel) which discharges in the upper side of 
Chairel and down side of Corchal. Afterwards, hydrodynamics simulation must move 
upstream towards Cruz Chica at the beginning of the Reservoir, and the interconnection 
between Chairel reservoir and La Escondida Lagoon.
It is just after this analysis that a monitoring programme for selected pollutants can be 
started following an efficient design.
Conclusion
The Chairel Lagoon hydrodynamic simulation presented in this thesis is intended to 
illustrate the potentiality of computational fluid dynamics in the analysis and 
surveillance of the water body. The field work was carried out in order to define depths 
and to identify reservoir inflows. From the three lagoons that compound the Chairel 
reservoir, the Chairel Lagoon was considered as an example because of its condition of 
urban supply source. Due to this, the only inflow considered is Channel Corona that is 
placed at the terminal zone of Channel American. The channel American is the 
alleviation waterway for River Tamesi that drains into the Chairel Reservoir.
In the simulation presented here the main pollutant route is shown from Channel Corona 
until the COMAP A abstraction point. This simulation identifies dead zones at Northeast 
and Southwest within the water body. This situation prefigures a significant influence 
on the lagoon hydraulic efficiency. The pollutant plume is shown as well being visible 
in the central part of the water body. However, the model still under development and is 
planned to analyse the system sensitivity to wind.
The previous available model for Chairel Lagoon (Sanchez, 1996) has limited analytical 
capability and is reported efficient just for low flow conditions not accepting values 
above 200m^/sec for inflow. In this model, Sanchez used WASP/DYNHYD5 as 
software for creating the model, and a water quality module is not included.
A complete reservoir modelling would offer an integral response to the interaction 
among Chairel, Corchal and Herradura lagoons. The most important in the three 
dimensional simulation advantage is to provide a channelization design more accurate 
to favour hydraulic efficiency of the reservoir. Currently, the connectivity among the 
different water bodies lacks from hydrodynamic foundations and responses more to an 
empirical water management scheme.
Hydro-3D for Windows is used for first time in academic research in this thesis. 
Previous research has proved to be a very effective tool in dealing with surface water in 
stabilization ponds hydrodynamics and groundwater research. The previous version 
required a mesh generator and a geographic information system for pre and post 
processing respectively.
Appendix C1
Elements for the Development of an Integrated Water 
Resources System Management in River Tamesi Lagoon
System
Introduction
This section is complementary of Chapter 4 and describes the different sustainability 
issues reviewed for River Tamesi Lagoon System. The information is presented 
covering the available information found for the different aspects in a sustainable water 
resources management scenario. The data is categorized as environmental, social and 
economic.
Environmental Dimension
According to Meybeck and Helmer (1992) a water body characterization comprises 
three major components: hydrology, physic-chemistry and biology. This section 
describes the aspects non-considered in Chapter 4. These components are physic- 
chemistry and biology in the lagoon system. The physic-chemical aspects focus on 
variables which are directly related to geology and water quality. Finally, biological 
aspects are described in a summary of the available flora and fauna inventories in the 
local ecology division of Municipality of Tampico.
Physico-Chemistry
The physical aspects considered for the site is geology. Climate and topography are 
reviewed in Chapter 4. The geology gives an overview of the southern state 
composition. Finally, the water quality monitoring records are reviewed from the Jopoy 
and Chairel databases from the monitoring stations upstream and downstream of the 
Lagoon System.
Geology
Tampico is located in the Northeastern Coastal Plain of Mexico. This plain originated 
from tectonic movement 65 million of years ago. Today it is divided in two sub 
provinces: Burgos and Tampico-Misantla. Tampico dates from the late Cretaceous and 
early Tertiary (765 million years ago). The region which is named Tampico-Misantla 
includes a wide zone of sediments deposition delimited to the north by the Guayalejo 
River and Xicotencatl City, as well as Tamaulipas Mountains on the southside. To the 
south are the cities of Nautla and Misantla in Veracruz State and the Teziutlan 
Mountains. The Gulf of Mexico is the boundary to the East and the Sierra Madre 
Oriental is to the West. The zone is contemporary with the first tectonic folds which
gave rise to the Sierra Madre Oriental, creating the Panuco River Catchment, during the 
Laramide orogenic revolution of the Eocene period (54 million of years ago). During 
the Late Miocene and early Pliocene (306 million of years ago), sea rise resulted in the 
current coastline of Gulf of Mexico.
Tampico is comprised by the so-called Meson Formation. The Meson Formation is the 
layer of sediments created by Medium and Superior Oligocene (Figure 4.13). These 
sediment layers were developed in shallow waters (35 to 31 million of years ago). The 
Meson Formation includes sediments from the Pliocene and Holocene ( 6  to 1.8 million 
of years ago). The Meson Formation is lithological constituted in the lowest layer by 
lutites and marges, commonly sandy and with a gray-blue color. Above these layers 
calcareous sandstone is laid down with a thickness of 20 to 30cm. The grain is from fine 
to medium and brown in color.
The sandstones are covered by thin limestone layers (10 to 20cm thick) intercalated 
with blue-gray sandstone. This limestone set is covered by a conglomerate consisting of 
bi-valve shells, coral and foraminifera in a calcareous matrix. As it can be seen in figure 
Cl.l ,  this formation fades out near the coast where it is covered by clayey soils and 
coastal deposits (INEGI, 1990).
Amai I
1  : D) '
lU D A D  M A D E R O  
TAMPICO
Figure C l.l  Tampico Geological Layers (INEGI, 1990)
The edaphology in the catchment is shown in the table Cl.l .  Its predominant soil type is 
vertisol which has a high clay contents. Other significant soil types are lithosols and 
rendzinas which are characteristic of the most humid regions within the catchment. In 
less humid zones regosol soil type is present.
Table C l.l  Soil Units Distribution in Guayalejo Tamesi Catchment (INEGI, 1990)
Soil Types % Soil Types %
Vertisol 35.38 Feozem 4.46
Litosol 29.24 Castanozem 1.69
Regosol 11.56 Xerosol 0.83
Rendizna 9.93 Luvisol 0.25
Cambisol 6.66 Total 100.00
The Chairel stratigraphy was determined by a series of mixed soil mechanics tests. Five 
drillings were carried out down to 37m showing the following characteristics: silt and 
sandy clays. The silt and sand contents decrease with the depth until disappearance at 
reach 26m depth. Shells were found in the upper levels and lower levels (Figure C l.2).
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Figure C1.2 Chairel Stratigraphy (Benavides, 1980)
South Tamaulipas Groundwater
The groundwater in South Tamaulipas drains usually from west to east, in the same 
direction as the surface waters. The permeable geological strata (aquifers) are located in 
the areas o f El Caracol River, Soto La Marina and Panuco, as well as some sectors of 
the coastal plain. These areas are comprised of soils of alluvial origin with high sand 
content.
The lagoon zone is made up of alluvial deposits composed of sand, silt and clay. They 
are compacted and with a variable height. The aquifers formed by these sediments are 
open and semi confined. These aquifers are exploited by wells with a static level 
average depth of 4m. The well water is used for domestic purposes and by cattle. The 
quality of the water ranges from tolerable brackish to salty. The salinity is 
predominantly associated with sodium chloride and magnesium carbonate. Regarding 
the above mentioned physical and hydrological features, the lagoon zone is classified as 
a single hydro-geological unit (Figure C l.3).
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Figure C1.3 South Tamaulipas Groundwater. The figure shows the different material probabilities
for serving as an aquifer (INEGI, 1983)
Water Quality
CONAGUA has established a National Monitoring Network in the major rivers of 
Mexico. This network comprises 1026 sample sites belonging to four different 
networks: primary, secondary, special surveys and reference networks (Figure C l.4).
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Figure C1.4 Mexican Water Quality Monitoring Network (CONAGUA, 2007)
The water quality evaluation of streams and water bodies is carried out analyzing 
mainly three indicators: Biochemical Oxygen Demand (BOD5), Chemical Oxygen 
Demand (COD), and Suspended Solids (SS).
One water quality monitoring station was established for Tamesi River Lagoon System 
in 1999 at LI Jopoy site, located at the entrance of the lagoon system, at coordinates 22° 
23’ 30” North and 98° 19’ 01” West. In the proximity of the water supply abstraction 
site on Chairel Lagoon, a second monitoring point was set up by CONAGUA at 
coordinates 22° 14’ 20”  North and 97° 52’ 30” West. There are another two water 
quality monitoring points within the lagoon system corresponding to the water treatment 
plants placed at Champayan and De la Puerta lagoons, but these data are only 
mentioned here not being part of the present study (see Annex A).
This sampling point within the River Tamesi Lagoon System is set for collecting data 
for field parameters, physical analysis, alkalinity and hardness, organic and 
bacteriological, nutrients, residuals, irrigation parameters, and heavy metals. The 
available data provided by CONAGUA for this research considers different periods: 
1999 to 2002 for LI Jopoy, and 1995 to 2002 for LI Chairel. Therefore, summary 
description and critical commentary by the author, rather than detailed analysis o f these 
data will be made in this section in order to establish the characteristics for the lagoon 
system inlet and Chairel Lagoon downstream.
The field parameters that CONAGUA includes are sampling depth, water depth, 
transparency, environmental temperature, and water temperature. At Jopoy depth for 
samples varies from 0.20m to 2.40m at locations with a water depth from Im  to 4.8m. 
At Chairel the sampling depth ranges from 0.20m to 1.90m. Transparency is a 
parameter reported only for Jopoy in a range from 0.10m to 1.00 m. The shallowest 
transparency values occur in the months of September and October. The available data 
shows a 0.29 °C higher value on average in the atmospheric temperature compared with 
the water temperature at the beginning of the lagoon system. Chairel shows the opposite 
condition downstream for the same period with a 0.67 °C higher value for water 
temperature.
The physical analysis of data includes: colour, pH, turbidity, specific conductivity, 
lipids. So far, CONAGUA evaluates true color within its physical analysis. Having a 
look into the comparable period for Jopoy and Chairel it is possible to detect an 
increasing value on the platinum-cobalt colour scale dovmstream, from an average of 
11.36 at Jopoy to 18.84 at Chairel. The pH value for both points is alkaline, reaching 
values of 8.53 and 8.49 up and downstream respectively. Turbidity increases a lot on 
average values between the beginning of the system and downstream lagoons. In the 
entrance of Tamesi River Lagoon System there is an average value o f 5.07 
Nephelometric Turbidity Units (NTU) and for the same period the average in Chairel is 
21.92 NTU. The most significant parameter for the lagoon system is conductivity 
having high average values, with an increase that goes from, 862.75(pmhos/cm at Jopoy, 
to 926.87cpmhos/cm at Chairel. In both cases, datasets shows records above the 
permissible WHO guideline of 1000 (pmhos/cm (1,750 micro Siemens/cm is 
approximately equivalent to 250 mg/1 of chloride the WHO aesthetic taste threshold).
usually from February to July. Values for lipids are below the permissible limits with a 
higher value of 7.7 mg/1 upstream and 5.4 mg/1 downstream.
Alkalinity is considered for total and phenolphthalein value, and hardness for total and 
calcium hardness. At Jopoy the average value for total alkalinity is 180 mg/1 CaCOg, 
while a value of 172 mg/1 CaC03 is calculated for the same period (1999-2002) at 
Chairel. There are very few phenolphthalein alkalinity records and just for 2002 in both 
sample points and shows a value o f 8 mg/1 CaCOg and 8.6 mg/1 CaCOg on average up 
and downstream. The average values for up and dovmstream in terms of total and 
calcium hardness are quite high with 345.09 mg/1 CaCOs and 229.16 mg/1 CaCOg 
respectively. However, records can reach higher values significantly through the 
reviewed period. For example, between 1999 and 2003 for Jopoy it is possible to 
observe total hardness reaching 532 mg/1 CaCOg and calcium hardness reaching 368 
mg/1. For Chairel Lagoon between 1995 and 2002 it is possible to observe total hardness 
reaching 511 mg/1 CaCOg and calcium hardness reaching 292 mg/1.
Two out o f the three most important parameters for CONAGUA to be evaluated are 
included in the assessment of organic and bacteriological data: biological oxygen 
demand and chemical oxygen demand. The rest within this data set category are 
dissolved oxygen, phenols and faecal coliforms.
The Mexican Quality Standards established a quality scale for biological oxygen 
demand and chemical oxygen demand. According to this scale, biological oxygen 
demand values for Tamesi River Lagoon System can be considered excellent in quality, 
ranging on average from 1.67 mg/1 upstream to 2.10 mg/1 dovmstream. Likewise, the 
chemical oxygen demand values reach a good quality status ranging on average from 
11.17 mg/1 at Jopoy to 17.93 mg/1 at Chairel.
The variation of dissolved oxygen between the entrance to the system and the 
downstream lagoons is little, on average from 7.84 mg/1 upstream to 6.13 mg/1 
dovmstream. The recorded values for phenols up and downstream are very low, which 
demonstrates that the lagoon system is free of industrial contamination. In the case of 
faecal coliforms the records show the presence of coliforms all the time at both 
recording points in a very discrete quantity, but it is upstream where values can reach
sometimes numbers above 1,000 or 10,000 col/100 ml. At Chairel the records are 
usually counted in the range 10-20 coliforms per 100 ml with some high values, but 
never above 1,000 col/100 ml. usually these high values at Chairel range from 100 or 
300 col/100 ml.
To evaluate nutrients CONAGUA is recording different parameters for monitoring 
nitrogen and phosphorus cycles within the Tamesi River Lagoon System. In terms of 
the nitrogen cycle three different parameters are considered: organic nitrogen, ammonia 
and nitrates. The organic nitrogen values range from 0.12 to 1.68 mg/1 at Jopoy, and 
from <0.03 to 2.49 mg/1 at Chairel. Typical ammonia values up and downstream are 
<0.03 mg/1 but can reach 0.11 mg/1 in the entrance of the system and 0.22 mg/1 in 
Chairel Lagoon. The nitrate values range from 0.15 to 0.87 mg/1 at Jopoy and from 
<0.10 to 0.77 mg/1 at Chairel. In terms of the phosphorus cycle different parameters are 
considered. At Jopoy, total phosphorus ranges from 0.02 mg/1 to 0.11 mg/1 and 
phosphate phosphorus ranges from 0.01 mg/1 to 0.09 mg/1. In Chairel Lagoon the values 
for soluble phosphorus and orthophosphates are <0.1 mg/1. Surfactants maintain values 
<0.1 up and downstream of the lagoon system. Therefore, polyphosphate load derived 
from these substances and its consequential inclusion into the system is not relevant.
Tamesi River has high levels of concentration in terms of solid residue at the entrance 
of the lagoon system and also, as a consequence, in the lagoons downstream. 
CONAGUA defines the value for the residue parameters by means of the gravimetric 
method. Parameters included for residuals definition are: Total solids. Total Suspended 
Solids, Total Dissolved Solids, Total Fixed Solids, Total Volatile Solids, Fixed 
Suspended Solids, Volatile Suspended Solids, and Sedimentary Solids.
LI Jopoy shows an average value of 776.9 mg/1 for total solids for the period 1999 to 
2002. The average trend for this concentration figure is 98% corresponding to dissolved 
solids and the remaining 2% for suspended solids. Under the same consideration, 
organic and mineral content was 30% and 70% of total solids respectively.
Chairel Lagoon showed an average value of 761.54 mg/1 for total solids for the period 
1999 to 2002. The average trend for this concentration figure is 96% corresponding to 
dissolved solids and the remaining 4% for suspended solids. Under the same
consideration, organic and mineral content was 31% and 69% of total solids 
respectively.
Irrigation data includes all major ions plus one heavy metal. It is described by dissolved 
calcium, magnesium, sodium, potassium, chloride, sulphates, bicarbonates, carbonates 
and hexavalent chromium.
The main contributors for the hardness of water in Tamesi River Lagoon System are 
calcium and magnesium. Dissolved calcium is present in rich concentrations for Jopoy 
and Chairel records with average values of 95.50 mg/1 and 95.42 mg/I respectively. 
Chairel in its previous 1999 dissolved calcium data set showed a similar trend for this 
parameter. Dissolved magnesium was present for Jopoy and Chairel in concentrations 
of 27.08 mg/1 and 32.41 mg/1 respectively from 1999 to 2002.
Sodium is recorded only for Chairel within the period February 1995 to May 1997. The 
highest value recorded is 114 mg/1, whilst the lower value is 21 mg/1. World Health 
Organization has established a guideline value for sodium as 200 mg/1.
Potassium is recorded only for Chairel within the period February 1995 to May 1997. 
The highest value recorded is 7.18 mg/1, whilst the lower value is 1.75 mg/1. Potassium 
concentrations in natural waters are less than 10 mg/1 but there is not an established 
WHO guideline for this ion.
The values for chloride are low for up and dovmstream lagoon system. From the 
available data for Jopoy the average value is 42.17 mg/1 recorded in 2002, whilst 
Chairel Lagoon shows an average of 61.91 mg/1 in the same period. Taking into account 
that chloride WHO aesthetic guideline value is established at 250 mg/1, the recorded 
concentration is considered more than acceptable. Previous readings up to 1999 for 
Chairel reach values as high as 131 but, still within the permissible range.
World Health Organization established 250 mg/1 as the guideline value for sulphates. 
There is a difference with the Mexican ecological criteria for water quality, quoted by 
Jimenez (2002), which sets 500 mg/1 as a permissible value. This difference is important 
in order to understand the available records for Jopoy and Chairel, because some
records at the entrance o f the lagoon system reach value as high as 407 mg/1 and 
according to Mexican standards this is not considered harmful. On average the value for 
sulphates for the reviewed period, 1999 to 2002, is 216.67 mg/1 at Jopoy and 211.50 
mg/1 at Chairel.
There are very few records of carbonates in the available CONAGUA dataset (2002) 
which range from 0 to 6 mg/1 in the entrance o f the lagoon system, and from 0 to 10 
mg/1 for Chairel Lagoon. Bicarbonates average value is 217.91 mg/1 in Jopoy and 
210.58 mg/1.
The average value for hexavalent chromium for Jopoy and Chairel is <0.01 mg/1, under 
the permissible value o f 0.05 mg/1. Only for Chairel the values for hexavalent chromium 
decrease until <0.004 mg/1 and increase until reaching <0.02 mg/1 from 1997 to 1999, in 
previous dates to available data in Jopoy.
CONAGUA is including in the heavy metals monitoring program the eight heavy 
metals considered as high priority by the United States Lnvironmental Protection 
Agency: cadmium, lead, nickel, zinc, copper, mercury and arsenic. Chromium is 
sampled in its hexavalent form but is not included in the heavy metals data report but in 
the irrigation parameters data report. For the Jopoy and Chairel monitoring points, 
heavy metals records exist only for Jopoy (2000), just for three of them: nickel, zinc and 
copper. The value found for these concentration is quite low, having an average for the 
three of them of <0.01 mg/1.
The Municipality of Tampico carries out water quality surveys in different points o f the 
reservoir for getting an overview of the water quality in Chairel, Corchal, Herradura and 
La Lscondida. The purpose of these surveys is to support surveillance near the water 
supply abstraction point as located in Figure 5.18.
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Figure C1.5 Monitoring Network for local surveys in Chairel Reservoir (Tampico Municipality,
2003)
The points considered by the Municipality to be the subjeet o f monitoring are Chairel 
COMAPA, La Lscondida, La Herradura Lagoon, Corchal, Tancol, Hydros Bridge, and 
American Channel. In general these points describe the whole Chairel Reservoir 
(Chairel COMAPA, Corchal and La Herradura) and La Lscondida Lagoon along with 
its connecting channels: American, Tancol and Hydros Bridge ehannels (Figure C l.5).
Two kinds of surveys are reported, one for water quality and another for metals in 
sediments. These surveys are intended as a complementary action on the Municipality’s 
side in order to support the national surveillance plan, managed by CONAGUA, also 
bringing the benefit of support for the local management of the water resource. 
Although surveys of this kind mean a significant aid, their application lacks of 
consistency due to constantly changing policies in local administration conditioned by 
economic aspects of public interest.
The Municipality Report on metals in sediments covers the same heavy metals 
considered by CONAGUA with the exception of arsenic and mercury. Instead of them
aluminum and iron are sampled. These same heavy metals are considered by the 
Municipality within the water quality survey. The other parameters under survey for 
water quality are sedimentary solids, and total suspended solids for residuals values; 
pH, total hardness and fat and oil for physical aspects, BOD, COD, phenols and Faecal 
Coliforms for organic and microbiological aspects; total phosphorus, Kjedahl nitrogen, 
ammonia, nitrates, nitrites and detergents for nutrients; and chlorides and cyanides for 
major ions. The values are reported under the permissible limits.
Biology
The Flora and Fauna Inventory recorded in the Tampico Municipality were carried out 
for summer and autunrn season (Worbis, 1995). It is necessary to complete an annual 
survey with a data collection placed for winter-spring seasons.
The vegetation found on the lagoons and flood plains of South Tamaulipas is popal- 
tular. Popal-Tular vegetation is composed of hydrophytes growing on the lagoons 
margins or floodplains. It appears as three different groups: >2m height, representative 
species is Zacate cortador {Juncus sp); medium with 20cm height, representative 
species is Saladilla (Borrichia frutescens)', and small with 5cm height, representative 
species are Vidrillo (Batis maritimd) and Solanum houstoni.
On the lagoon banks and channels commonly present vegetation formed mainly for 
reeds and sedges include Typha domingensis, Scirpus validus, Cyperus spp, Arundo 
donax, and Phragmites sp. Thus the surrounding vegetation is made mainly by reedbeds 
and other herbaceous elements. Trees and shrubs are also found but in less abundance 
such as Acacia sp. Mimosa priga, willow {Salix humboldtiana), ahuehuete o sabino 
{Taxodium mucronatum), guaje o leucaena {Leucaena sp). All these species belong to 
the ecosystem unit classified as dry tropical forest.
Besides the aquatic and semi aquatic vegetation, it is possible to find scrub vegetation in 
the banks of the lagoons. The plants mentioned below can tolerate short periods o f time 
in shallow waters: Asclepias curassavica, Amaranthus sp, Ruellia sp, Commelina spp, 
and many species o f Compositeae and Gramineae groups.
The aquatic vegetation of the Tamesi River Lagoon System (Figure C l.6) is composed 
of the following:
1.-Surfaced Rooted Hydrophites. - Typha domingensis, Fuirena simples, Hydrocotyle 
boniarensis, Cyperus elegans, C. odoratus and Phyla lanceolata.
2.-Rooted Hydrophites of floating leaves. - Cabomba paleaformis, Nymphaea ampla, 
Potamogeton nodosus, Nymphaea amazonica.
3.-Submerged Rooted Hydrophites. - Vallisneria americana, Eleocharis acicularis, 
Hygrophyla polysperma, Heteranthera dubia. Najas guadalupensis.
4.-Free Floating Hydrophites. - Einchornia crassipes, Salvinia auriculata, Salvinia 
minima, Spirodela polirhiza, Wolffiella lingulata.
5.-Free Submerged Hydrophites. - Ceratophyllum demersum, Utricularia foliosa, 
Utricularia giba.
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Figure C l.6 Chairel Lagoon Flora (Worbis, 2007)
The environment surrounding the water bodies of the Tamesi River Lagoon System 
favors the presence of sub environments for different species of fauna: amphibious, 
reptiles, birds, mammals, and fishes.
In those zones where natural vegetation exists with a good drainage it is possible to find 
amphibians: sapo excavador (Rhynophrynus dorsalis), rana arborea {Smilisca baudinii) 
and sapo gigante {Bufo marinus). In the banks and channels of the lagoon it is possible 
to find the bull frog {Rana catesbiana). On the borders of the flooded zones and pounds 
without vegetation is possible to find rana leopardo {Rana berlandieri), and sapo del 
golfo {Bufo valliceps).
Reptiles are found mainly in protected zones, as within the tulares zone or on riparian 
vegetation. The most common representatives are: gàlapago o pochitoque {Kinosternum 
scorpioides), boa mexicano {Boa constrictor), vlbora de agua {Nerodia rhombifer), 
culebra arboricola {Opheodrys aestivus). On the trees it is possible to find tilcampo 
{Iguana iguana), cocodrilo de pantano {Cocodrylus moreleti), or iguana negra 
{Ctenosaura acanthura).
The most diverse and abundant community is ornithological. Birds are found in the high 
elevations of the zone with some vegetation and even in the suburban side where some 
trees remain. The main species are: chachalacas {Ortalis vetula), papàn {Cyanocorax 
morio), carpintero pechileonado comun {Melanerpes aurifrons), garrapatero pijuy  
{Crotofaga sulcirostris), tortola colilarga {Columbina inca), zanate mexicano 
{Quiscalus mexicanus), matraca encinera {Campylorhynchus gularis), aura comun 
{Cathartes aura), luispiquigrueso {Megharyncus pitangua), gorrion doméstico {Passer 
domesticus), luis gregario {Myiozetetes similis) and luis venteveo {Pitangus sulfuratus), 
among others.
Mammals are found in the zones with natural vegetation or near inhabited zones. This 
component of the fauna is highly adaptable to human presence. The main species 
located in the zone are: tlacuache {Didelphys virginiana), tlacuachillo cuatro ojos 
{Philander opossum), zorrillo listado {Mephitis macrura), armadillo {Dasypus 
novemcinctus), conejo {Sylvilagus floridanus), ardilla arborea {Scirus aureogaster), 
onza {Felis yagouaroundi), and nutria {Lutra longicaudis).
In the case of the fishes, the species found in the zone of El Chairel Lagoon are: sardina 
molleja {Dorosoma petenense), catan (Lepisosteus osseus), matelote (Ictiohus bubalus), 
sardina or pepesca (Astyanax fasciatus), bagre azul (Ictalurus furcatus), bolin 
(Cyprinodon variegatus), guayacon del forlon (Gambusia regain), guayacon mosquito 
{Gambusia affinis), topete del tropico {Poecilia formosa), topete del tamesi (Poecilia 
Latipunctata), mojarra del chairel (Cichlasoma pantostictum), and carpa del tropico 
{Notropis tropicus).
Social Dimension
The social dimension has been described in chapter 4. The sections 4.3.1 and 4.3.2 
related to Population and Water Demand respectively are covering this section.
Economic Dimension
The economic dimension of the Guayalejo-Tamesi catchment zone is described under 
three principal sectors. In the primary sector the most important activities in the zone 
are agriculture, and livestock near Altamira, and fishing in Tampico. In the secondary 
sector a brief description o f oil industry in Madero city is provided, and a Tertiary 
sector is included because of trading activities through seaports and tourism in Tampico 
and Altamira. Finally the current infrastructure for coping with water demand of the 
three sectors is described along with requirements for future growth (CLDLS, 2001).
Primary Sector
Agriculture is practiced in the upper catchment. Despite it not being an activity o f the 
city, the dependence on the same water resource makes it impossible to dissociate it 
from future city plans. Altamira has the most agricultural activity in Southern 
Tamaulipas. Production includes cereal crops and green vegetables are exported, mainly 
to United States. The total agricultural surface for all kind of crops is 71,000 has. 
Products of the region include: onion, melon, pumpkin, watermelon, chili, tomato, 
cucumber, safflower, cotton, soybean, sorghum, and maize. The main exported product 
is the onion. The 85% of agricultural surface is used for cereal production. The cereal 
production is $3’000,000 Mexican pesos. Agricultural activities provides job for 60,000 
people. It is also important to mention the existence o f an important sugar cane zone 
upstream within the Guayalej o-T amesi catchment near Mante.
Livestock is a traditional activity in the zone and is distinguished for cattle. 
Predominant races are cebuinos, also exists angus, simmental, nelore, gyr, indobrasil, 
brahman, and European swiss and holstein. The value o f production for livestock in 
Altamira is determined by meat and milk for bovine cattle and is $103.1 million of 
Mexican pesos. Southern Tamaulipas and Northern Veracruz are considered the main 
regions in the national context for stud sales.
Fishing is another relevant eeonomic activity for Tampico. The region concentrates 
22.5% of the total fish production for the state. The principal product is shrimp capture. 
Tampico is an important shrimp fishing centre. The production in the zone has export 
recognition due to quality and capacity for shrimp processing. Tampico concentrates 
22.5% (in volume) of total capture in the state. Tampico is the national leader in shrimp 
production from the Gulf of Mexico. The value of fishing production reaches $123.5 
million (Mexican pesos at 1993 prices). The shrimp fleet of Tampico is a national leader 
in the Gulf of Mexico. Captive species include liza (Mugil cephalus), tilapia, common 
carp {Cyprinus carpio), huachinango {Lutjanus campechanus), blue crab and Seashell 
Oyster.
Secondary Sector
The petroleum industry is the main economic activity in Madero. The “Francisco I. 
Madero Refinery”, located within the limits of the city, is a very important PLMLX 
(Petroleos Mexicanos: the National Petroleum Company) reference point, in terms of 
petroleum processing in Mexico.
The Refinery consists of 23 world scale industrial plants. The installed capacity is larger 
than 2.6 million tons per year. The annual production is US$2,200 million. The annual 
exports are calculated as US$1,070 million. Eleven primary products are produced: 
liquid gas (3.7 MDB), gasoline PLMLX Magna (56.8 MDB), , gasoline Magna 
reformulated (20 MBD), gasavion (0.5 MBD), turbosine (15.3 MBD), PLMLX Diesel 
(48 MBD), combustoleo (13.7 MBD), negro de humo cargo (3 MBD), asphalts (11.5 
MBD), Sulfur (568 TD) and coque (2822 TD). This industry generates more than 
10,000 jobs in the zone and within the region produces 28% of total chemicals and 
petrochemical products in the country.
Power production units within Refinery are divided in steam and electricity units. The 
steam units are 3 steam generators of 120 Ton/hr from 42.4 kg/cm^, 1 steam generator 
of 180 Ton/hr from 42.4 kg/cm^, 1 steam generator o f 300 Ton/hr from 42.4 kg/cm^, 
and 2 steam generators o f 300 Ton/hr from 19.4 kg/cm^. The electricity units are 3 
turbo-generators of 15 MW each and 1 turbo-generator of 20 MW. For water cooling 
systems, the facilities have 3 cool towers with a capacity of 574,000 Gpm.
Tertiary Sector
The most important economic activity in Tampico is trading since Tampico and 
Altamira are two of the most important Mexican Gulf seaports. In terms of tourism, 
Tampico represents 7.5% of Tamaulipas economy.
Altamira is the Mexican seaport closest to the United States and the most modem and 
dynamic in Mexico due to its strategic location among the countries of NAFTA, Europe 
and the industrialized north-eastern zone of Mexico. Altamira seaport has an industrial 
and commercial specialization and occupies the first place in the national context in 
fluids movement, and was the first seaport certified with ISO 14000 in the world. The 
45% of Altamira exports are from the national chemical and petrochemical industry. 
The operation’s average annual groAvth is 21% in total cargo and 24% in containers 
movement. Annually 5.8 million tons are moved through Altamira docks. The seaport 
facilities consist of: 8 terminals. From these terminals, two are for general cargo and the 
other 6 are specialized. In total exist 11 docks (90 are planned for the future) with a 
capacity of receiving ships up to 60,000 tons, 300 m. overall length, 35 m. in the beam 
and 11.6 m. of draft. In general there are 1600 Has of maritime terminals, 859 Has of 
navigation areas. The users are 27 navy liners. The integral Project includes 1,422 Has 
of ecological buffer.
Tampico seaport is important for Mexican trade to the United States, Canada, Europe 
and Caribbean. Tampico was the first port in Latin America certificated for ISO 9002. 
This seaport is specialized in three types o f cargo: oil, mineral and general cargo. The 
volume of transported cargo represents more than 14% of total commercial cargo in the 
national context. The annual growth of its operation is 6% in general cargo and 13% in 
containers. The total cargo reported is 3.9 millions of tons (2000). The facilities are as
follows: 11 docks, 2 public terminals and 6 private terminals. The capacity of the docks 
is: vessels of 32,000 ton, 220 m. of length overall, 32 m. of beam, and 9.75 m. o f draft. 
The users are 21 navy liners.
Tourism represents 7.5% of total produetion value in the Tamaulipas economy. The 
touristic activity in the region is concentrated in Tampico. Currently business tourism in 
the city is very popular. The incoming tourists are from: D.F., México state, Jalisco, 
Nuevo Leon, Guanajuato, San Luis Potosi, Veracruz, Coahuila, and from Texas Valley. 
The income for this activity is $ 276.1 million of Mexican pesos. There are 6,056 
people employed in tourism industry, which represents 10% of total occupied 
population. There are 84 hotels distributed as follows: Tampico 68, Madero 11 and 
Altamira 5.
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Appendix C2
Proposal for the Development of a Sustainable Water 
Management Evaluation Framework for Chairel Lagoon
Introduction
In the case of water resources sustainability, committees and experts have established as 
a guideline a management framework with a catchment scope called Integrated Water 
Resources Management, which demands the participation of all stakeholders involved 
in water exploitation within communities. Specifically for drinking water supply, the 
action plans of these schemes are called Water Safety Plans and their design should 
consider the local necessities of each community and its associated water system. One 
of the fundamental steps in the construction of Water Safety Plans is the assessment of 
the water resources in order to establish control measures and management procedures. 
These can be done by means of an appropriate Water Surveillance Technique. This 
section proposes a sustainable framework for coupling a Water Surveillance 
Methodology, based on Computational Fluid Dynamics, and the use of Water Service 
Quality Indicators applied to the first stage in the Water Supply Chain.
Catchment Surveillance
Catchment surveillance was defined as “a system of monitoring, analyzing and 
interpreting all those factors which are likely to cause the receiving river systems and 
aquifers to deteriorate in quality, or become hydrologically unreliable” (Lloyd and 
Matthews, 1998).
Catchment surveillance is thus a set of techniques that evaluates the anthropogenic 
impacts of runoff processes within a catchment. The evaluation is made according to a 
classification which describes the ecological and water chemical status of the surface 
water bodies by using colour coded maps (WFD, 2002). The impact of human activity 
on catchments and sub-catchments is analysed in two major steps:
1. A risk assessment that characterises a water body and identifies the pressures on 
it
2. The design and implementation of a monitoring programme to validate the risk 
assessment and establish the water body quality status.
The characterisation of surface water bodies allows differentiating them into types and 
identifying a reference condition criterion for each of them. The identification o f any 
human activity which potentially could jeopardize, on its own or in conjunction with 
other pressures, the good water quality status of surface water bodies is also required. 
And finally, an assessment of the susceptibility of the water body status to the identified 
pressures. To achieve this various techniques have been developed like the analytical 
hierarchical method (Helming and Gobel, 1997), the resource assessment and 
management framework (Environment Agency, 2002), or the use of interaction matrix 
techniques (Matthews and Lloyd, 1998).
The establishment o f a monitoring programme is the core of water surveillance. A 
monitoring programme provides information to make a quality assessment which allows 
identifying long term trends, or evaluates the effectiveness o f water management 
programmes. A water quality assessment is the ''overall process o f  evaluation o f  the 
physical, chemical and biological nature o f  the water, whereas water quality 
monitoring is the collection o f  the relevant information’' (Meybeck et al, 1989).
Environmental observation programmes are monitoring, survey and surveillance and its 
differentiation is made as a function of their duration. A survey is a finite duration and 
intensive programme with a specific purpose, whilst monitoring is long term and 
standardized activity. The surveillance, a continuous monitoring activity, dictates the 
necessity of application for different types of monitoring in surface water bodies like 
operational monitoring when a water body is at risk, investigative monitoring when is 
necessary to identify causes of pollution, and protected area monitoring where is 
necessary to customize a routine as a response for the particular characteristics of the 
water body (Meybeck and Helmer, 1992).
Monitoring cycle
[ Waici manaijenieoi I
tnfom ^n ù^^ûh
7
Information utilisation
Moniioring strategy | Reporting
................... \ ...................................................... ..................................
Network design Data analysis
Sample collection
 5 %^
Data handling 
------------
Laboratory analysis
Figure C2.1 GEMS Water Monitoring Cycle (UNEP, 2005)
The Global Environmental Monitoring System (GEMS) Water and the monitoring cycle 
is described as is shown in Figure C2.1 and summarized in the following steps: water 
management, information needs, monitoring strategy, network design, sample 
collection, laboratory analysis, data handling, data analysis, reporting, and information 
utilization.
The level of water quality assessment required may vary considerably. A simple 
monitoring system may not require complex laboratory facilities, while an intermediate 
or advanced level programme will do plus financial support, sophisticated techniques 
and trained technicians and engineers. For the data produced in water surveillance 
monitoring programmes to be valid for use in water quality and hydraulic modelling 
activities requires continuous and careful quality control and quality assurance. This 
implies the application of standard methods.
Conceptual Models
Linking science with environmental decision making to support sustainable water 
resources management requires focusing on reliable conceptual modelling (Liu et al, 
2008). In Water Safety Plans the water supply chain is assessed step by step. In order to 
establish a sustainability framework, to contextualize the hydraulic modelling required
in the water resource evaluation of quantity and quality, Water Quality Service 
Indicators are proposed as the benchmark for sustained services or, where necessary, 
improvements.
A Conceptual Sustainable Water Management Model for Drinking Water is presented 
here made by six modules in Figure 4.2 but just detailed for two: quantity and quality 
because they are central for operating hydraulic analysis in water resources assessment. 
In a further research the priority of the indicators for step analysis must be developed 
more in detail.
Applied Sustainability for Drinking Water Supply Chain
In water supply assessments for rural communities, Lloyd and Helmer (1991) developed 
hazard and risk assessment methodology based on a set of water quality service 
indicators (coverage, quantity, continuity, quality and cost) in order to evaluate and 
improve the safety and functioning of the whole water supply system for a community. 
In a subsequent development for all water supplies, WHO (2005 and 2009) published 
Water Safety Plans. These describe, with case studies, the application o f comprehensive 
risk assessments as the operational instrument for improving and sustaining the safety 
of drinking water for the whole water supply chain from source to the tap. However, 
these publications focus primarily on the built water industry environment; both Lloyd 
and Helmer nor the WHO provides a methodology for specifically assessing the risks to 
water resource sustainability. By contrast Matthews and Lloyd (1998) present a GIS- 
based method for whole catchment surveillance which is aimed at identifying and 
calibrating the pollution risk to water resources o f all catchment attributes and land 
uses. Their catchment surveillance methodology is much less concerned with 
quantitative aspects of resource sustainability.
The research described in this thesis focuses on the evaluation of the first step in the 
Water Supply Chain, the water resources availability, and proposes an analytical 
framework to sustain the quantity and quality o f the resource, in order to maintain a 
water management plan. To do so, as a basis for the development of a sustainability 
framework, it is important to establish the relationship between water quality service 
indicators (Lloyd and Helmer, 1991) with sustainability dimensions (Figure C2.2).
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Figure C2.2 Water Quality Service Indicators and their relationship with Sustainability Dimensions
Figure C2.2 attempts to summarise the major faetors influencing sustainability along the 
water supply chain. The environmental dimension of water resources is evaluated by 
means of analyzing its quantity and quality status. The main entropie factor for 
instability in this dimension is the climate change impact. Climate change can affect the 
rainfall patterns of occurrence in time and space and intensity, provoking a domino 
effect on many interrelated issues associated with water supply. The quality, at this 
stage, depends on the current hydrodynamics and its associated properties for 
transporting pollutants.
Coverage and Continuity are indicators associated more directly with the built 
environment of distribution networks, which makes them fall, according to research 
criteria, into the social dimension. They are highly dependent on demand and water 
usage, as a consequence, the main entropy factor for the social dimension in terms of 
water supply is population growth.
Finally the economical dimension is directly linked to the cost of supply to the 
community. Poor communities, or very complex infrastructure, make the water supply
unavailable in some places. The quality o f remedial actions for the other possible 
sustainability interactions is highly dependent on cost.
Conceptual Sustainable Water Management Model for Drinking Water
The creation of a detailed standard methodology for resource sustainability is an almost 
impossible task. This is due to the large number of variables involved and the infinite 
range o f characteristics specific to each site. Nonetheless a well-structured framework 
for management can be designed by combining catchment and water surveillance 
techniques and computational fluid dynamics in order to identify, predict and control 
emergent problem hot spots in water bodies.
The World Bank (2004) published a strategy for addressing water resource management 
that provides an overview focusing on the connections between resource use and service 
management. However, the perspective from water science is missed. A conceptual 
model to show this perspective is presented here. The principal components o f the 
conceptual model proposed here are shown in Figure C2.3 (A-B), and its individual 
components are briefly described below it. This conceptualization is thought as a first 
step for a future integrated modelling toolbox for Chairel management (Letcher et al, 
2006).
1: Catchment Characterization requires the development and application o f a range of 
methods to identify and analyse the physical features o f the catchments (river basins) 
which affect the discharge o f water into the river system. According to Lloyd and 
Matthews (1998), in order to identify ''all those factors which are likely to cause the 
receiving river systems and aquifers to deteriorate in quality, or become hydrologically 
unreliable'' requires the following surveillance programme activities:
• Develop river monitoring programme to include: network of sample stations 
(water flow and quality data -  chemical and biological)
• Identify and acquire key catchment geographic data, from conventional maps 
and satellite imagery
• Develop interaction matrix for classification of anthropogenic and non- 
anthropogenic parameters which affect water resources. An interdisciplinary 
team is required for this activity.
• Build GIS (data collection and input) and apply spatial analysis to identify 
impact o f multiple parameters on water quality and flow.
• Interpret analysis to identify high risk areas where land use can be regulated to 
reduce and manage risk.
2: The Quantity Module in the proposed conceptual framework is set to estimate the 
availability of water in terms of existing and future water demand. Hydraulic Modeling 
requires reliable, long term meteorological and hydrological data bases. Resource yield 
is calculated for different conditions in order to identify possible problems associated 
with quantity, such as scarcity and siltation. Hydrodynamic models, takes into 
consideration wind effects for different scenarios of speed and current directions. This 
will provide the input for Contaminant Transport Modeling for water quality evaluation.
3: The Qualify Module requires data from both hydrological and quality monitoring 
programmes. In Europe there are good examples (Helmer, 1997) o f effective river 
quality management where monitoring data also provide advanced warning of pollution 
problems, allowing water abstraction points to be closed before a pollutant can enter the 
storage reservoir or the water supply chain. Such ‘permanent’ monitoring systems have 
been in place for >25 years in Western Europe. The EU Water Framework Directive 
(2002) is currently implementing the integration of hydrological, chemical and 
biological quality monitoring programmes, with well-defined sustained ecological 
quality objectives throughout European rivers. Once such systems have been in place 
for a number o f years Contaminant Transport Models can simulate possible routes of 
contaminants within water bodies and their concentrations. However, developing 
countries require technical assistance in order to set up such long term water resources 
monitoring strategies. This support has been provided in recent decades by means o f the 
Global Environmental Monitoring Strategy for Water, the GEMS/Water programme of 
UNEP/WHO. The Quality Module should provide values that can be assessed in the 
context of National Water Quality Standards as a first steps towards protection.
management of resources, and remediation problems such as eutrophication, 
salinisation, acidification and organic pollution.
4: The Coverage Module provides data on the water demand required to be compared 
with the results of the quantity module and against the basic water stress threshold. This 
will allow the sustainability o f the resource to be assessed for a growing population over 
future decades.
5: The Cost Module is a balance between the available budget for administration of 
water supply resources and remedial actions to be taken in order to identify the 
feasibility of these actions.
6; The Continuity Module is a consequence o f the functioning of all previous modules 
in order to analyse the system’s behavior through time. This study focuses mainly on 
the development of the Quantity module and to a lesser extent on Quality, these being 
the central issues for the water resources environmental dimension. The rest o f the 
modules, although explained here are not developed and set as a reference in order to 
work with modelling results at the stage of operational monitoring design.
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